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Section  1;  STATEMENT  OF  THE  PROBLEM 


The  objective  of  this  experimental  program  was  to  define  the 
regimes  in  which  scattering  and  carrier  collection  dominate  the 
performance  of  quantum  well  and  superlattice  devices.  The  program 
consisted  of  five  thrusts:  1)  materials  growth;  2)  carrier  collection 
experiments;  3)  utilization  of  ultra  thin  monolayer  thick  quantum 
wells;  4)  the  understanding,  control  and  utilization  of  dissipative 
mechanisms  for  new  device  concepts,  and;  5)  the  demonstration  of 
devices  based  on  the  concepts  suggested  by  the  results  of  thrusts  2,3, 
and  4. 

Quantum  well  and  superlattice  devices  are  high  payoff 
solutions  to  future  high  speed  computer  and  communication  systems. 
Knowledge  and  control  of  semiconductor  heterojunctions  are  key  to 
realizing  the  potential  of  advanced  semiconductor  devices  and 
designing  new  structures.  Heterojunctions  are  already  a 
fundamental  part  of  discrete  electronic  and  optoelectronic 
components.  They  will  become  a  necessity  to  realize  monolithic 
photonic  devices  that  combine  electronic  and  optoelectronic 
components.  These  interfaces  will  address  the  high  speed  optical 
interconnect  technology  needed  for  distributed/parallel  computing 
and  the  special  functions  needed  to  break  the  electrical-optical- 
electrical  barrier  that  has  prevented  optical  and  electrical  processing 
from  achieving  their  full  potential. 


Section  2:  SUMMARY  OF  THE  MOST  IMPORTANT  RESULTS 

in  viewgraph  form 
(see  next  page) 
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MAJOR  ACCOMPLISHMENTS 
Carrier  Collection  and  Scattering  in 
Quantum  Well  and  Superlattice  Devices 

DAAL-03-90-G-0118 

The  most  important  accomplishments  of  this  program 
and  their  relevance  to  the  SDIO/IST  goals  are: 

1)  Demonstrated  a  vertical  cavity  surface  emitting 
laser  with  a  submonolayer  thick  InAs  active 
region. 

•  Thinnest  active  region  (3.25A)  to  support 
stimulated  emission  even  though  the  optical 
feedback  was  perpendicular  to  the  plane  of  the  gain 
region. 

•  Explained  this  unexpected  result  based  on  the 
spreading  out  of  the  electron  and  hole  wave 
functions. 

Relevance  to  SDIO/IST  mission:  Carrier 
confinement,  current  confinement  and  current 
confinement  were  already  known  to  be  important 
design  parameters  for  low  threshold  high 
performance  lasers.  We  have  shown  that  carrier 
collection  and  the  size  of  the  wave  functions  are 
equally  important  design  parameters  for  thin  (<100A) 
quantum  based  devices.  These  newly  recognized 
design  parameters  must  be  considered  to  correctly 
design  quantum  well  and  mesoscopic  devices.  This 
work  provides  a  concrete  analytical  basis  to  explain 
many  of  the  empirical  trends  observed  but  not 
explained  in  the  semiconductor  laser  literature. 
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2)  Demonstrated  a  Bias  Induced  Color-tuned 
Emitter  (BICE): 

•  First  demonstration  of  a  voltage  controlled  dual-  (or 
multi-)  wavelength  semiconductor  light  emitter 
based  on  the  preferential  collection  of  electrons  and 
holes. 

•  Wavelength  was  shifted  500A  with  the  application 
of  low  bias  voltages  (<5  volts) 

•  Device  operation  demonstrated  at  77K  and  at  room 
temperature. 

•  Growth  and  fabrication  are  relatively  simple. 
Integration  with  GaAs  based  electronics  should  be 
possible. 

•  Selective  carrier  collection  has  other  important 
photonic  applications. 

•  Note  that  BICE  operates  on  a  fundamentally 
different  principle  than  Self  Electro-optic  Effect 
Devices  (SEED), 

Relevance  to  SDI/IST  mission:  High  speed  optical 
sources  that  can  be  integrated  with  electronics  are 
needed  for  optical  interconnects  and  as  interfaces 
with  optical  processors.  Wavelength  division 
multiplexing  can  be  used  to  take  advantage  of  the 
huge  bandwidth  afforded  by  fiber  optic  or  free  space 
conmiunication.  BICE  is  a  new  and  easy  to  fabricate 
approach  to  wavelength  division  multiplexing. 
Selective  carrier  collection  could  also  be  used  to 
develop  semiconductor  lasers  that  are  tunable  over  a 
broad  range  of  wavelengths.  (See  Appendix  A  and 
related  figures.) 
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3)  Phonon  assisted  stimulated  emission: 

•  First  confirming  observation  of  phonon  assisted 
stimulated  emission  (DAAL-03-87-K-0051) 

•  Demonstrated  the  thinnest  quantum  well  to  exhibit 
phonon  assisted  stimulated  emission. 

•  First  time  resolved  data  of  phonon  assisted 
stimulated  emission. 


Relevance  to  SDI/IST  mission:  Phonons  play  an 
important  role  in  thermalizing  injected  carriers  in 
laser  diodes  and  are  often  the  limiting  factor  in  high 
speed  electronic  devices.  With  respect  to  laser 
diodes  we  have  the  opportunity  to  harness  the 
phonons  rather  than  having  them  work  against  us  as 
they  do  in  existing  devices.  Also,  Holonyak  and  co¬ 
workers  have  suggested  that  phonon  assisted 
stimulated  emission  may  involve  stimulated  phonon 
emission.  If  so,  this  would  open  up  an  entirely  new 
class  of  electron-photon-phonon  interactions  in 
condensed  matter. 
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4)  Other  accomplishments: 

•  Tutorial  paper  on  the  density  of  states  function  that 
explains  many  missing  steps  and  clears  up  many 
misconceptions  about  quantum  wells. 

•  Improved  laser  thresholds  by  reducing  surface  and 
bulk  leakage  currents. 

•  Reduced  laser  threshold  in  strained  layer  lasers  by 
heavy  silicon  doping. 

•  Enhanced/suppressed  intermixing  of  quantum  wells 
for  low  loss  waveguide  applications. 

•  Optical  matrix  elements  and  the  dielectric  constant 
of  partially  intermixed  quantum  wells. 


Relevance  to  SDI/IST  mission:  All  of  these 
accomplishment  are  consistent  with  the  mission  of 
high  performance  high  density  optoelectronic  circuits. 
This  work  represents  the  discovery  and  application  of 
new  phenomena  in  practical  device  structures. 
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Accomplishments  that  involved  joint  funding: 

5)  Low  temperature  (Al)GaAs  for  three 
dimensional  Integrated  Optoelectronic  Circuits 

(Joint  funding  with  the  NSF  center  for  Advanced 
Electronic  Material  Processing  at  NCSU.): 

•  At  NCSU  three  important  advances  have  been 
made  using  low  temperature  (LT)  GaAs  and 
AlGaAs.  We  have  used  LT  (Al)GaAs  as  a  surface 
passivation  layer  to  double  the  breakdown  voltage 
of  GaAs  (MESFET)  transistors  without  sacrificing 
the  (transconductance)  or  other  device 
characteristics.  Second,  we  have  demonstrated 
that  is  possible  to  grow  laser  quality  epitaxial 
layers  on  top  of  LT  GaAs.  Finally,  we  have 
demonstrated  that  it  is  possible  to  make  LT  GaAs 
conductive  by  the  diffusion  of  Zn,  opening  the 
possibility  of  producing  electrical  interconnects 
through  LT  GaAs  layers  without  having  to  etch  via 
holes. 


Relevance  to  SDI/IST  mission:  All  three  of  these 
results  have  important  implications  to  the 
development  of  three  dimensional  integrated 
optoelectronic  circuits.  Simply  put  LT  GaAs  could 
be  the  glue  that  finally  allows  us  to  'stick  together 
and  stack  on  top'  electrical  and  optical  components 
on  a  single  semiconductor  substrate  in  a  controlled 
and  reproducible  fashion.  This  should  make  it 
possible  to  produce  multilevel  (3  dimensional 
integration)  integrated  optoelectronic  circuits  that 
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would  be  a  major  advance  in  meeting  the  demands 
required  for  high  speed  optical  interconnects  (multi¬ 
processor  computers)  and  reconfigurable  parallel 
processing  architecture. 
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Accomplishments  that  involved  collaborative  efforts: 

6)  Light  emission  from  silicon  nanoparticles:  (Dr. 

IGngon's  group  grew  the  nanoparticles  by  gas  phase 

synfiesis  with  support  from  DAAL  03-89-K-0131.) 

•  Visible  light  emission  from  silicon  nanoparticles  (1- 
lOnm  in  diameter)  at  room  temperature.  Radiative 
lifetime  measured  to  be  1-2  ns  at  77K  and  room 
temperature. 

•  Removal  of  hydrogen  improves  the  luminescence 
(rather  than  killing  it  as  reported  for  porous 
silicon). 

•  Addition  of  oxygen  has  little  effect  on  the 
luminescence  even  when  x-ray  analysis  indicates 
that  the  particles  are  amorphous. 


Relevance  to  SDI/IST  mission:  It  is  necessary  to 
understand  origin  of  visible  light  emission  from  silicon 
to  determine  if  the  technology  has  potential  for  future 
applications.  This  will  be  very  important  for 
monolithic  integrated  optoelectronic  circuits  and  high 
speed  optical  interconnects. 
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Section  3:  PUBLICATIONS 
DAAL  03-90-G-0018  PUBLICATIONS 
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A  new  form  of  light  emitting  devices  called  BICE  (bias  induced  color-tunable  emitter)  is 
reported.  It  is  a  voltage  controlled  multiwavelength  semiconductor  light  emitter  based  on  the 
bias  dependent  injection  and  collection  of  electrons  and  boles  in  quantum  wells.  In  this  letter, 
two-terminal  dual  wavelength  BICE  operation  is  demonstrated.  It  exhibits  coaxial  optical 
output,  a  large  separation  between  emission  wavelengths  ( >  S(X)  A)  and  an  emission  contrast 
ratio  ranging  from  4:1  to  1:33  at  77  K. 


(Quantum  well  heterostructures  (QWH)  have  attracted 
significant  interest  because  they  offer  improved  perfor¬ 
mance  and  design  flexibility.'  QWH  lasers  and  LEE>s  have 
grown  and  diversified  into  a  whole  range  of  sophisticated 
optoelectronic  devices  specifically  designed  for  a  variety  of 
important  applications.^^  However,  additional  advanced 
components  are  needed  for  future  systems,  which  make 
strong  demands  on  cost,  functionality,  and  performance. 

Future  advances  in  optoelectronics  require  a  better  un¬ 
derstanding  of  physic^  processes  in  semiconductor 
QWHs.  For  many  years  now,  carrier  collection  processes 
in  QWHs  have  been  studied  and  are  considered  to  be  an 
important  criterion  for  laser  operation.^  In  this  letter,  a 
bias  induced  color-tunable  emitter  (BICE)  based  on  selec¬ 
tive  carrier  collection  is  reported. 

BICE  is  a  novel  wavelength  tunable  light  emitting  de¬ 
vice  designed  for  multiwavelength  emission  along  a  single 
optical  axis.  The  emission  wavelength  is  selected  by  an 
applied  voltage.  The  optical  output  power  is  controlled  by 
an  applied  current  (three-terminal  BICE)  or  an  applied 
opti^  pump  (two-terminal  BICE).  In  this  letter,  two- 
terminal  BICE  operation  is  demonstrated  (using  a  three- 
terminal  BICE  device  structure). 

The  BICE  structure  described  in  this  work  was  grown 
by  molecular  beam  epitaxy  (Varian  360)  on  a  Si-doped, 
( 100)-oriented  GaAs  substrate.  The  growth  of  the  struc¬ 
ture  proceeded  as  follows.  First  a  5000  A  /i-GaAs  (Si~S 
X  lO'*  cm~^)  buffer  layer  was  grown  at  628  *C,  then  a 
3000  A  n-Alo^3Gao.7As(Si  ~3x  lO'’  cm~*)  layer  was  de¬ 
posited  followed  by  a  2000  A  p-AlaijGaogsAsfBe  ~8 
X  lO'*  cm~^)  layer  with  the  substrate  temperature  held  at 
686  *C.  The  undoped  active  region,  consisting  of  a  200  A 
GaAs  single  quantum  well  (SQW)  and  an  Alo.13Gao.13As- 
GaAs  multiple  quantum  well  (MQW,  12  peri^  of  17  A 
GaAs  and  30  A  AIo.t3Gao.83As)  located  7(X)0  A  apart  (in¬ 
sert  of  Fig.  1),  was  Aen  grown  at  a  substrate  temperature 
of  640  *C.  Subsequently,  a  1000  A  R-Alo.i3Gao.83As(Si  —5 
X 10'^  cm~^)  layer  was  deposited  followed  by  a  3000  A 
p-Alo.3Gao.7As  (Be  ~Sxl0'*  cm~^)  layer  with  the  sub¬ 
strate  temperature  held  at  686  *C.  Finally,  a  S(X)  A  p-GaAs 
(Be  ~10'’  cm~^)  cap  layer  used  to  improve  the  ohmic 
contact  was  then  grown  at  628  *C  to  complete  the  struc¬ 
ture.  A  schematic  diagram  of  the  BICE  structure  is  shown 
in  Fig.  1. 

The  processing  of  the  two-terminal  surface  emitting 


BICE  proceeded  as  follows.  First  a  160  pm  X 160  pm  mesa 
for  device  isolation  was  formed  by  wet  chemical  etching.  A 
SiO}  insulating  layer  was  then  deposited  on  top  of  the 
structure  followed  by  HF  etching  to  (q>en  a  top  contact 
window.  Finally,  to  form  ohmic  contacts,  a  metal  annulet 
(Cr/Au)  was  deposited  on  top  of  the  mesa  and  AuGe/Au 
was  deposited  on  the  back  side  of  the  sample  by  electron 
beam  evaporation. 

To  test  the  device,  the  sample  was  cooled  to  77  K, 
photoexcited  by  an  argon-ion  laser  (A=:S14S  A)  and  bi¬ 
ased  with  a  variable  dc  voltage.  The  sample  was  considered 
to  be  forward  biased  when  the  top  epilayer  had  a  higher 
potential  than  the  substrate,  which  reverse  biased  the  cen¬ 
tral  active  region.  Luminescence  from  the  sample  was  col¬ 
lected  and  analyzed  using  a  0.5  m  spectrometer  and  a  5-1 
photomultiplier. 

The  emission  spectra  obtained  from  the  BICE  sample 
described  above  are  shown  in  lug.  2  for  various  forward 
bias  voltages.  Note  that  the  scales  for  all  three  curves  are 
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FIG.  1.  Scbematic  diagram  of  the  tam-tennbial  BICE  device.  The  active 
region  of  the  structure  is  inserted  in  the  upper  left-hand  comer  of  the 
diagram.  Percentage  value  in  parenthesis  corresponds  to  the  aluminum 
composition,  x,  in  AI^Gai.A*- 
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WAVELENGTH  (A) 

FIO.  2.  Emioion  tpactn  of  the  BICE  mder  varioni  fotwerd  biM  voh- 
•tn.  Note  that  all  three  corvee  arc  on  the  ttmt  icaic.  Forward  bias 
comqimMia  to  a  positive  potential  applied  to  the  top  cpitaaial  layer  rel¬ 
ative  to  the  sobstrslc. 

the  same.  Hm  peaks  at  7660  and  8200  A  correspond  to 
n»l  electron-to-heavy  hole  transitioa  of  the  MQW  and 
the  SQW,  respectively.  When  there  is  no  ap|died  voltage  (m 
the  samfde  (Le.,  open  circuit),  the  emisskm  fimn  the 
MQW  dominates  the  spectrum  [Fig.  2(a)].  Then,  with  a 
forward  bias  of  2.0  V,  the  short  wavelength  MQW  peak 
remains  relatively  constant  while  the  SQW  peak  increases 
and  becomes  comparable  to  the  MQW  peak  [Fig.  2(b)].  By 
increasing  the  voltage  (AF>s0.1  V)  to  2.1  V,  the  MQW 
emission  decreases  dramatically  and  the  SQW  emission 
continue  to  increase  as  shown  in  [Fig.  2(c)].  As  will  be 
shown  later,  the  contribution  of  dectroluminescence  is 
negligible  in  this  case. 

The  dramatic  change  in  the  emission  spectrum  is 
achieved  by  changing  the  relative  carrier  collection  and 
recombination  efficiency  in  the  SQW  and  the  MQW  with 
the  applied  voltage.  Since  the  undoped  active  region  of  the 
sample  is  slightly  ^type  10**  cm"*),  it  is  par¬ 

tially  depleted  near  the  top  n  layer  without  applied  Mas. 
The  active  region  can  be  folly  depleted  with  increased  for¬ 
ward  bias.  When  photoexcited,  the  net  effect  of  photogen¬ 
erated  electitm-hole  pairs  is  to  flatten  the  bands,  which  is 
equivalent  to  forward  biasing  the  junctitms.  Electrons  and 
hdes  can  then  inject  efficiently  into  the  active  r^on  from 
the  bottom  and  the  top  pn  junctions,  respectively,  under 
the  electric  field  across  the  sample.  Carriers  can  be  col¬ 
lected  by  the  MQW  and  the  SQW  and  recombine  to  give 
rise  to  light  emission.  The  carrier  collection  efficiency  var¬ 
ies  dramatically  for  the  MQW  and  the  SQW  under  differ¬ 
ent  electric  fields.  Thus  a  Iwge  contrast  of  emission  inten¬ 
sity  at  different  wavelengths  is  achieved. 

The  emission  spectra  obtained  from  the  BICE  under 
reverse  bias  cemditions  are  shown  in  Fig.  3.  For  compari¬ 
son,  the  open  dreuit  spectrum  is  included  [Fig.  3(a)]. 
With  increasing  reverse  trias,  the  SQW  emisnon  fades  away 
and  the  MQW  emission  intensity  increases  just  slightly. 
Note  that  reverse  biasing  of  the  sample  forwi^  Uases  the 
junctions  of  the  active  region.  Therefore,  the  charge  deple¬ 
tion  cm  either  side  of  the  active  region  occurs  only  near  the 


WAVELENGTH  (A) 

no.  3.  EminkM  tpactnorthe  BICE  tmder  various  KvcfwbiMvolUfei. 
Note  that  aU  thne  enmt  are  OB  the  sam  scale. 

interfaces  with  the  highly  doped  layers.  Both  the  MQW 
and  the  SQW  are  then  in  a  neutral  r^^km  with  little  electric 
field.  Since  the  MQW  is  closer  to  the  top  layers,  photogm- 
erated  electrons  from  the  top  active  region  interface  layer 
and  holes  firom  the  large  middle  part  of  the  active  r^km 
(7(XX)  A)  diffbse  toward  the  MQW  region.  Thus  the  emis¬ 
sion  intensity  of  the  MQW  is  much  larger  than  that  of  the 
SQW. 

To  further  investigate  the  physical  mechanisms  of  two- 
terminal  BICE  operation,  the  device  has  been  examined 
under  the  same  1^  conditions  with  and  without  (^tical 
pumping  (Fig.  4).  Under  forward  bias  condition  (2.1  V) 
without  optical  puminng,  only  a  very  small  peak  corre¬ 
sponding  to  the  ^W  emission  is  observed  as  shown  in  Rg. 
4(c).  Similarly,  no  emission  agnal  is  observed  for  the  re¬ 
verse  bias  case  (data  not  shown).  This  result  indicates  that 
etectroluminescence  is  negligible,  and  that  carrier  diffusion 
and  collection  are  significant  mechanisms  in  photoexcited 
BICE  toleration. 

Defoning  the  intensity  contrast  ratio,  R,  as  ^21=  Pja>  or 
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FIO.  4.  Enutekm  qiectn  of  the  BICE  with  and  without  optical  pumping 
with  a  forward  bias  of  2.1  V  and  revene  bias  of  S.O  V.  No  emistion  signal 
is  observed  for  the  reverse  biased  case  without  optical  pumping  (data  not 
shown).  Note  that  all  three  curves  are  on  the  same  scale.  The  contrast 
ratios  are  measured  based  on  (a)  and  (b). 
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^SQw:  ^MQW>  ^  =  1:33  in  reverse  bias  and  RsA-A  in  for¬ 
ward  bias  [Figs.  4(a)  and  4(b)].  Note  that  a  large  contrast 
ratio  is  acUeved  by  anplying  only  a  few  volts  at  very  low 
currents  and  all  applied  voltages  were  below  those  neces¬ 
sary  to  obtain  p-n-p-n  switching  action.’  This  device  also 
works  at  room  temperature,  but  the  contrast  ratio  is  re¬ 
duced.  Improved  performance  at  77  K  and  room  temper¬ 
ature  should  be  possible  with  an  improved  design  and 
tighter  control  of  the  epitaxial  material. 

In  conclusion,  a  novel  optoelectronic  device,  BICE, 
has  been  demonstrated.  A  digital  switching  range  of  more 
than  S(X)  A  was  demonstrated.  A  larger  tuning  range 
( >  2(X)0  A)  may  be  possible  by  adjusting  the  active  region 
design.  Because  of  its  large  tuning  range,  low  operational 
voltage  and  coaxial  output,  the  BICE  concept  has  potential 
applications  in  wavelength  division  multiplexing  and 
broadly  tunable  semiconductor  lasers. 
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Vwlical  cavity  surface  emitting  ^  submonolayer  thick  InAs 

active  layer 

&  D.  Beniamin.  T.  Zhang.  Y.  L  Hivang.  M.  S.  Mytych.  and  R.  M.  Kottma 

DtrntmtHt  amd  Commatr  EH^mttrimg.  North  CanliiM  S$at«  Umiuenaf.  RMA 

Ihrtk  Ckntim  IfiK-Wl 

(Rcodvad  27  Jane  1991;  accqited  for  ptibUcadoo  4  February  1992) 

We  rqxxt  photopun^Ml  operation  of  a  vertical  cavity  turlace  «iiitrii.|  where  the  active 
rcfiaa  oontieti  a  aiii|le  paeadomorphic  InAa-GaAs  quantum  wdl  that  it  lem  than  one 
moaolayer  tlack.  This  r^reaenta  the  thinneat  active  layer  to  aiqipoct  fmiatinn  udien 

the  optical  feedback  ia  perpendicular  to  the  layer.  Laaing  action  aiqpported  acroaa  a 
auhmMiolayer  thick  quantum  wdl  can  be  umterstood  by  conaidering  the  effecta  on  the  carrier 
collection  proceaa  and  the  gain  acroaa  an  ultrathin  quantum  wdl  due  to  the  q>rcading  out  rtf'  the 
electron  and  hole  waveftmetiona.  Pulaed  laaing  due  to  gain  acroaa  the  InAa  quantum  wdl  ia 
conflnned  tot  pbotoeicitation  energiea  above  and  below  the  band  edge  of  the  GaAa 
layeta  at  17  and  77  K. 


Early  woric  on  single  quantum  well  III-V  aetmconduc* 
tor  laaera  indicated  that  the  carrier  collection  in  thin 
(L,<  100  A)  undoped  wdla  becomea  indfeedve  and  thua 
cannot  support  stimulated  emiaaion.'*^  Recendy  dtigl* 
qaantum  wdla  aa  thin  aa  2  monolayen  (ML)  for  AlGaAa- 
OaAa  and  1  ML  for  OaAa*InAa  have  been  ahown  to  aup- 
port  low  threshold  laser  operation^  which  indicatea  that 
ultrathin  wdb  collect  carriers  very  effective  debate  the 
ftet  that  the  well  is  much  **itiiti#r  than  the  scattering  path 
length  d  the  excess  cattiets.  These  resuha  can  be  uisder- 
stood  by  taking  into  account  the  qiatid  extent  of  the  deo- 
tron  and  hole  waveftmetiona  udiich  qpread  out  for  uhrathin 
weDs,  rather  than  the  physied  dfanenaiona  of  the  quantum 
wdl  when  considering  the  collection  of  carriers  in  an  ul> 
trathin  wdl’ 

In  previous  work  on  semiconductor  beers  with  oon- 
ventiond  deaved  cavities,  the  optied  feedback  was  paraOd 
to  the  pfame  of  the  quantum  wdL  A  new  configuration,  the 
vertied  cavity  surfece  emitting  laser  (VCSEL)*  places  the 
optied  feedb^  perpendicular  to  the  plane  of  the  active 
byer  (quantum  wdl)  by  incorpoiating  1/4  wave  stadc 
mirrota  into  the  laQfera  comprising  the  structure.  In  thb 
letter  we  rq»rt  stimulated  embainn  fitom  a  VCSEL  where 
the  optied  feedback  b  perpendicuhr  to  a  submonolayer 
tiude  InAs  quantum  wdl  active  layer.  Atthoogli  thb  rep- 
rcaents  the  thinnest  active  layer  to  siqiport  atimuht^ 
emission  in  thb  configuration,  the  results  indicate  that  the 
dectron  and  hde  wavdunctioo  qneading  increases  the  ef- 
fiective  gain  region  to  many  times  the  thickness  of  tile  quan¬ 
tum  wdL 

The  vertied  cavity  surface  emirHng  laser  (VCSEL) 
structure  (Fig.  1)  grown  by  molecular  beam  qataxy  in  a 
Varian  3fi0  MBE  qratem  oonabts  of  1/4  A  stadr  OaAs- 
AlAa  mirrois  grown  at  640  *C  sandwiching  a  10  A  OaAs 
tpaeer  grown  at  640  *C  The  active  byer  in  thb  structure, 
a  sin^  submonolayer  InAs  quantum  wdl,  b  hicated  at  an 
antinode  m  the  OaAs  qweer  1/2  A  firom  the  top  mirror. 
The  InAs  quantum  wdl  was  grown  at  SS0*C  by  ramping 
the  growth  temperstore  down  to  550  *C  before  the  growth 
and  then  back  tq>  to  640*C  hnmedbtdy  fidlowing  the 
growth  of  the  InAs  quantum  weO.  The  all  bmary  nature  of 
thb  design  would  1^  hadf  to  growth  by  atomic  byer 


epitaxy  which  provides  the  precise  control  of  byer  thick¬ 
nesses  and  uniformity  thd  b  required  for  VCSELs. 

The  mirrors  ate  highly  reflective  over  a  broad  wave¬ 
length  range  centered  on  the  embsion  of  the  InAs  quantum 
wdl  and  extendmg  to  wavdengths  shorter  than  tte  OaAs 
band  gqt.  Thb  prevenb  photoexdtation  of  the  q^iantum 
wen  from  the  surfece  of  the  san^  due  to  the  high  degree 
of  absorption  and/or  reflection  of  the  punqi  laser  b  tins 
wavden^  range.  To  allow  photoexdtiUion  of  the  quan¬ 
tum  wdl  only  (kvp^i^  above  the  quantum  wdl  enussion 
but  bdow  the  OaAs  band  gap)  ^  — ««i4*  was  deaved 
aOowing  photopunqiing  m  the  plane  of  the  InAs  byer 
whfle  observing  the  rmbsinn  perpendicular  to  the  InAs 
byer  as  shown  m  Fig.  1. 

The  h^ut  versus  output  power  dmraclerbtics  tot  fob- 
photopnnqang  configuration  b  ahown  b  Fig.  2  at  17  and 
77  K  fiar  ibotoexcitation  above  and  bdow  tim  band  gqi  of 
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FK}.  3.  OntpM  power  duracterislics  of  •  tataMMlayer  InAs  VCSEL  Cor 
photoeicitatioB  above  aad  below  the  band  gap  of  the  OaAa  cowfamg 
faqm  (but  above  the  loAa  tpuatom  wdl  traoiitiaB  eoercy )  at  77  and  17 
K.  Stiwolated  rodiiino  wheo  photnpompiog  below  the  OaAa  baad  gap 
cowinoa  that  the  laAs  iptentwei  well  aoppona  the  kter  aetkn.  To  ceti> 
■lie  Ihi  miiielt  niiiwt  iiitj**  In  Ir  ft  ^rei*  niiiliiplT  inriilret  pnirm 
givea  in  watta  by  13.  The  ovtpot  of  the  eaeaple  at  17  K  far  Aove  GaAt 
baad  gap  poaipiag  waa  Madiad  by  the  poatp  power  availabie  at  that 


the  OeAs  oonflnint  leyen.  but  above  the  lowest  confined 
state  hi  the  qtientwm  v^H  The  photoeadtation  source  is  e 
Spectra  Phy^  aiion  km  laser  pumped  dye  laser  that  is 
ctnrity  daubed  to  Obtab  I  as  puto  at  a  4  MHz  repetitkm 
rstSL  The  aarisskm  from  be  sutfiMe  of  the  VCSEL  is  de- 
isctsd  with  a  caltaated  Uailed  Detector  Techodocy 
tomsisr  iar  power  nasaremwiti  or  aa  ISA  0.32  m  ^tec* 
tieoMlar  sod  SI  photomultiplier  tube  fat  qpectnl 
■MaauieMata.  For  phoioaiciiaikm  bbove  the  ha««i  gap  of 
OaAa  at  77  K  be  sanfile  laaas  with  up  to  6.S  mW  of  peak 
ouipb  passer  fer  1.7  W  of  pab  h^b  power”  and  has  a 
wUmmm  laser  braboU  of  300  mW  peak  iapiit  power 
whsB  ba  saabia  Imss  at  137  aas.  Fhotopumpiag  at  an 
easny  below  ba  OaAa  baad  pp  photosadtee  carriers  in 
bs  laAa  qnaalaai  wsl  oa^  aad  provides  Ibrther  confor- 
amtioa  bb  ba  haiai  actioa  is  doe  to  ba  laAs  qaantum 
wen  wib  a  laaer  brabold  asoaad  300  aiW  peak  power 
and  ap  to  dJS  aW  of  peak  oatpat  power  ibr  2A  W  pedt 
iapot  power.  The  beam  dbetpaoe  is  Qrpiedty  KT  wMch 
oorravoab  to  a  Mat  pot  dhaislar  of  d  pa.  From  be 
two  carvm  oa  be  ri^*baad  side  ia  Flp.  3  be  Mag 
breahoMs  are  lower  lor  haar  oporabm  at  17  K  wUch  is 
Hkely  due  to  Bnewidb  cahaaoeaMal  of  pia  aad  the 
cpoire/escpe  dynamics  of  canisn  in  amnolayer  thick 
w^’  The  17  K  reaahs  wfll  be  dMaaed  ia  detaO  bdow. 

When  a  quantum  weO  is  placed  dom  to  a  ld|hly  i*- 
fleeting  mirror  the  optical  rmisiion  propertim  of  be  qami- 
tum  weO  are  aheied^  and  when  placed  hi  a  ftedback  cavity 
be  observed  emission  must  also  sabiy  the  Fsbry-Ferot 
modes  of  the  cavi^.  In  order  to  eiaminr  be  fmiminn 
properties  of  the  quantum  wdl  buried  hi  this  structuie  the 
central  Fabry-Perot  mode  of  be  cavity  is  scannad  over  the 
wavdengb  ranp  of  interest  by  transjafing  the  pump  beam 
along  a  deaved  ei^  of  the  sample  while  Obaen^  the 
■twiiviinmiiiirirrnrr  fimm  fhr  mfirr  nf  thr  lamplr  Thii  h 


see  ess 


FIO.  3.  Phnmlwiiwwccncc  ipactiw  of  the  laAe  OMtom  wd  et  17  K 
^  tMlriltng  IIm  fpqf  of  fitt 

wefcr  to  loretinm  whh  Ctemock  et  djOewm  wewkwgthe  due  to  wowowt. 
fane  layer  faickacMte  acton  the  wPr.  The  aanow  peak  iaiSrain  the 
Ugh  qaolity  of  On  laAe  (piawtww  wdl  which  ie  betweea  0.3  aad  0.9  hlL 
baaed  oo  cmapdaiioa  of  lepora  by  other  wotken. 


posaiUe  due  to  nonuniform  layer  thidmessrs  acrou  the 
sample  which  wm  not  rotated  during  growth.  The  result¬ 
ing  photohnnhiesfimfin  peak  shown  in  Fig.  3  is  narrow 
indicating  the  high  quality  of  the  quantum  weO  and  the 
transitiop  energy  enades  us  to  assign  an  InAs  layer  bide- 
ness  of  0lS-0l9  mondayers  based  on  extr^xdation  d  the 
results  of  other  workerB.*~”  A  sim|de  envdope  function 
finite  quantum  wdl  calculation  for  the  conliiM  particle 
energies”  matches  the  observed  emission  energy  for  a  layer 
thkfcnem  of  2.1  A  or  0.7  ML.  This  patchy  monolayer  can 
be  described  m  a  sulunonolayer  quantum  wdl  since  the 
lateral  eitent  of  the  microscopic  hilU  and  valleys  bat  mwfcg 
op  the  layer  is  ezpected  to  be  less  ban  be  exciton  radius.* 
To  verity  that  the  lasing  action  is  due  to  be  InAs 
quantum  wdl.  the  lasing  thresbdd  and  maiimmn  lasing 
intensity  of  the  VCSEL  are  measured  m  the  central  Fabry- 
Perot  mode  of  the  cavity  is  scanned  across  the  gain  of  be 
quantum  wdL  For  photoeadtation  above  be  band  g^>  of 
M  OaAs  confining  layers  as  shown  in  Kg.  4(a)  the  min- 
hnom  laser  threshold  and  maahnnm  VCSEL  output  occur 
on  the  long  wavdengb  side  of  the  InAs  quantum  wdl  peak 
m  eqMBd  fof  <Piantom  well  lasers.”  When 

onty  the  InAs  quantum  well  is  excited  by  photopumpmg 
below  be  band  gq>  of  the  GaAs,  rimilar  laser  threshold 
and  output  intensity  curves  are  obtained  as  shown  in  Fig. 
4(b).  This  is  the  most  convindng  evidence  for  the  lasing 
action  being  due  to  gain  across  the  InAs  quantum  wdl  and 
not  due  to  gain  from  the  OaAs  confining  layers  since  the 
photoeadtation  is  ftr  bdow  ( >  10  kT)  the  GaAs  band 
edp  aOowing  carriers  to  be  genoated  m  the  quantum  wdl 
only.  The  output  powers  are  higher  for  sub-band-gap  {bo- 
toexdtation  because  more  pump  power  was  availble  at 
bat  wavdengb.  The  lasing  threshold  is  higlwr  when 
pumping  only  the  InAs  quantum  wdl  as  one  might  eiqwct 
We  have  demonstrated  that  a  sobm<niolayer  thick 
InAs  quantum  wdl  placed  in  a  VCSEL  feedback  cavity  has 
sufficient  gain  to  support  stimulated  emission  when  the 
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FIO.  4  VCSEL  output  and  Mag  thmhoU  far  phntocwitttieB  (a) 
above  aad  (b)  bdow  tbe  band  gap  at  the  OaAs  cowining  taqm.  Laang 
wavelength  waa  varied  by  tramlatim  the  eadtatioo  spot  along  the  cleaved 
edge  of  tbe  waCer,  thereby  taaiag  tbe  Pabey-Fcrat  mode  of  dm  etnictiire 
due  to  the  nnwiuiMhrm  layer  thklaiaeeei  acrom  the  wafer,  (a)  Vtuwmam 
laeing  thfrehoid  aad  taaeinmin  laaer  output  cormpond  totheluAaguaa* 
turn  wen  photoluaiiiieaoenoa  (b)  the  VCSEL  haca  even  though  the  pump 
ia  >  10  kT  below  the  OaAs  band  edge  cnaSnuing  that  the  faacr  actian  is 
suppotted  by  the  luAa  quantum  weO. 


feedback  axis  is  perpendicolar  to  the  quantum  wdl  layer. 
This  laser  action  widi  the  shmtest  active  medinm  lepmted 
to  date  can  be  understood  by  considering  the  qwtial  extent 
ot  the  wave  functions  of  the  confined  carriers  instead  of  the 
physical  dimensioos  of  the  quantum  wdl  when  describing 
the  carrier  collection  and  optical  gain  propdties  of  ultra- 
thin  quantum  wells.  The  ^Heading  out  of  the  wave  fime- 
tions  would  also  increase  the  overliqi  of  the  field  at  the 
emitting  dectron-hole  pair  with  the  reflected  pari  of  the 
emitted  phoUm,  therdiy  enhandng  sdf-stimulated  photon 


emission.'*  This  additional  increase  in  gain  would  hdp  to 
asplain  tpfr  action  suppotted  across  ultrathin  quantum 
wells. 

These  low-temperature  results  suggeri  t^  room-tem- 
perature  i—**  actioo  supported  across  an  ultrathin  tpian- 
turn  well  would  be  poa^le  provided  that  the  carrier  cap¬ 
ture  by  the  quantum  wdl  amid  compete  fitvorably  with  the 
carrier  emission  from  the  wdl.  This  requirement  is  satisfied 
in  a  2  ML  InAs-GaAs  quantum  wdl  sinoe  the  dectron 
bound  state  is  severd  kT  deq>  in  the  quantmn  wdL***  The 
advanced  growth  tedmiques*’"*  required  to  grow  high 
quality  2  ML  InAs-GaAs  quantum  wdb  must  be  incorpo¬ 
rated  into  the  growth  of  a  VCSEL  to  realize  room-temper¬ 
ature  lasing  action  in  a  VCSEL  with  an  ultrathin  active 
layer. 
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lmie>f«solved  pbotolumiiieacaice  of  phonon-assisted  stimulated  onission  is  reported  for  the 
first  time.  The  temporal  characteristics  of  the  phonon-assisted  stimulated  emission  are 
distinct  frmn  the  stimulated  emission  from  the  quantum  states.  The  |dionon-assisted 
recombination  is  always  delayed  in  time  with  respect  to  the  ctmfined  partkie 
tramntkms  and  has  a  larger  hill  width  at  half  maximum  than  the  confined  particle  transitions. 

The  dynamics  of  stimulated  phonon  emission  along  with  the  smaller  transition  probability 
for  the  i^non-assisted  process  may  account  for  the  distinct  temporal  characteristics.  Data  are 
present^  on  the  emission  intensity  versus  wavelength  versus  time  fnmi  which  the 
dependence  of  the  (telay  on  excitation  intensity  is  extracted. 


Several  years  ago  Hokmyak  et  at.  reported  that 
AlGaAs-GaAs  quantum  well  heterostructures  (QWHs) 
were  capable  erf*  laser  operation  on  phonon  siddiands.*"* 
This  phonon-assisted  stimulated  emission  was  character¬ 
ized  by  emission  one  or  more  longitudinal  optical  phonon 
energies  (fia>Lo  =  36  meV)  below  the  allowed  quantum 
well  electron-hole  recombiiution  transitions.  For  several 
years  other  researchers  were  unable  to  reproduce  the  same 
laser  features  and  suggested  that  the  36  meV  shift  observed 
by  Holmiyak  was  due  to  impurities,*  bond-gap  renormal¬ 
ization,^  or  optical  absorption  lasses  in  the  unexcited  por¬ 
tions  of  the  sample.*  Recent  independent  work*  has  con¬ 
firmed  the  original  findings  and  aimuitaneoosly  shown  the 
new  results  to  be  inconsistent  with  impurities,  bandgap 
renormalization,  or  absorption  phenomena.  Most  recently 
Holonyak  and  coworkers'*^'^  luve  pointed  out  why  other 
workers  may  not  have  observed  phonon-assisted  stimu¬ 
lated  emission  in  their  experiments.  Phonon-assisted  stim¬ 
ulated  emission  has  now  been  observed  in  AKSaAs-GaAs, 
InGaAs-GaAs'****  grown  by  either  metalorganic  chemical 
vapor  depositkm  or  by  molecular  beam  eintaxy  and  in 
InAlGaP  (Ref.  16)  grown  by  metalorganic  ^emical  vapor 
deposition.  It  has  been  obs^ed  in  single  quantum  well 
heterostructures  (SQWHs)  and  multiple  quantum  well 
heterostructures  with  a  wide  variety  of  thicknesses  and 
confining  layer  compositions. 

In  this  letter  we  present  time-resolved  photolumines¬ 
cence  oS  phontm-assisted  stimulated  emission  in  AlGaAs- 
GaAs  single  quantum  well  heterostructures.  The  temporal 
characteristics  of  the  phonon-assisted  stimulated  emission 
are  distinct  firom  the  confined  particle  transitions  in  that 
the  phonon-assbted  process  is  idways  delayed  in  time  aad 
typically  has  a  wider  temporal  full  width  at  half  maximum 
dum  thr  other  recombination  processes.  These  results  are 
consistent  with  a  previous  suggestion  that  stimulated  pho¬ 
non  emisrion  can  occur  in  QWHs.^ 

The  separate  confinement  single  quantum  wdl  hetero- 
structures  used  in  this  work  were  grown  by  molecular 
beam  epitaxy  at  a  rate  of  aiqtroximately  123  A/min.  Each 
sample  ctmsisted  of  a  0.3  /im  AlaasGao^tsAs  cladding  layer, 
a  300  A  AlaijGaouAs  omfining  layer,  a  GaAs  quantum 


well  (17,  34,  or  34  A),  a  300  A  Alo,isGaQ.|)As  confining 
layer,  and  finally  a  0.3  pm  Al<x35Gao.(5As  cladding  layer. 
Additional  details  of  the  growth  can  be  found  dsewhere.” 
Note  that  these  tame  SQWH  samples  have  shown  very 
efficient  carrier  ctdlectkm  and  are  capable  of  low  threshold 
laser  operation,  in  spite  the  fact  that  the  single  quantum 
well  is  und(q>ed  and  dimensions  that  were  previously 
thought  to  be  too  small  to  dfectively  collect  carriers.** 

Sample  preparation  for  the  photopumped  lasers  con¬ 
sisted  cX  removing  the  GaAs  suhstrate  from  the  qntaxial 
layers  by  mechanical  pdishing  and  sdective  etching,  deav- 
ing  the  remaining  fito  into  rectangular  {datdets  20-200 
Itm  In  width,  and  pressing  the  platefets  into  indium  under 
a  sapphire  window.*’  The  rectangular  geometry  is  impor¬ 
tant  because  the  higher  absorption  loss  in  the  unpumped 
lengthwise  direction  favors  emisskm  at  lower  energy,  and 
thus  facilitates  identification  of  phonon-assisted  stimulated 
emssion.**’  The  samples  ate  photoexcited  in  the  confining 
region  and  quantum  weD  (E^<£puMp)  ^  ^  P* 

(^PUMP  ==  ^  ^  MHz  repetition  rate)  optical  pute 

pr^uced  by  synchronously  pumping  a  dye  laser  e»rited 
with.the  output  of  a  mode  k^ed  and  frequency  doubled 
Nd:YAG  laser.  Luminescence  from  the  samples  is  col¬ 
lected  and  analyzed  using  a  0.32  m  spectrometer  and  a 
streak  camera  system.  The  resolution  the  system  is  ap- 
proximately  13  ps  and  10  A,  limited  in  both  cases  by  tte 
spectnmieter. 

The  77  K  time-resolved  stimulated  emisrion  spectra 
from  a  photopumped  rectangular  sample  from  the  34  A 
single  quantum  w^  heterostructure  is  shown  in  Fig.  1. 
The  dark  and  light  markers  on  the  wavelength  axis  indicate 
the  calculated  positions  the  n  as  l  electron  to  heavy  hole 
(e— hh)  and  n  »  1'  electron  to  light  hole  (e— Ih)  confined 
particle  tranritkms.  The  zero  on  the  time  scale  correqxmds 
to  the  arrival  of  the  3  ps  optical  pulse  and  thus  to  carrier 
generatum  in  the  confi^g  r^km  of  the  sample.  The  two 
laser  modes  in  the  foreground  correqxmd  to  stimulated 
emission  from  the  a  s  r  e-,lh  transition.  Lasing  on  these 
modes  is  delayed  with  respect  to  the  lasing  on  the  adjacent 
modes  which  are  due  to  stimulated  emisrion  from  the 
bandfilled  n  =  1  e— hh  transition.  This  delay  is  expected 
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no.  1.  77  K  time-resolved  stimulated  emissioa  spectra  from  a  photo- 
pumped,  rectangular  sample  (3SX2SO  ftm)  with  a  S4  A  single  quantum 
wdD.  The  zero  on  the  time  scale  conesponds  to  the  escitation  of  the 
sample  by  the  S  pa  optical  pulse.  The  laser  modes  in  the  foreground 
correspond  to  lasing  from  the  n  as  e—Ih  and  n  I  e—hh  conflned 
particle  transitions.  The  phonon-assisted  stimulated  emission  (back¬ 
ground)  which  occurs  about  36  meV  below  the  «  —  I'  e  to  Ih  traitsition  is 
delayed  with  respect  to  the  n  »  1  and  n  as  1'  emission  and  has  a  larger  full 
•ridth  at  half  maximum. 


siiice  the  gain  at  the  bottom  of  the  light  hole  band  would  be 
less  than  the  gain  well  above  the  bottom  of  the  heavy  hole 
band.  The  absence  of  lasing  near  the  bottom  of  the  heavy 
hole  band  is  not  surprising  in  light  of  the  tendency  for 
samples  heat  sunk  as  in  this  work  to  lase  at  energies  above 
the  lowest  confined  particle  state.'^  The  peak  in  the  pho¬ 
toluminescence  lines  up  with  the  heavy  hole  marker  at  low 
excitation  intensities,'^  confirming  our  calculation  of  tran¬ 
sition  energies. 

The  phonon-assisted  stimulated  emission  from  this 
sample  is  seen  in  the  background  of  Fig.  1,  located  about 
one  longitudinal  optical  phonon  energy  (Aulo  =  meV) 
below  the  n  =  r  e->lh  confined  particle  transition  energy. 
This  emission  was  due  to  lasing  along  the  length  of  the 
sample  with  closely  spaced  modes  not  resolved  by  the 
streak  camera  system  (but  resolved  in  time-integrated  pho¬ 
toluminescence’).  The  phonon-assisted  stimulated  emis- 
si<m  is  clearly  delayed  with  respect  to  the  lasing  on  the 
confined  particle  states  and  it  has  a  larger  full  width  at  half 
maximum.  Part  of  the  delay  could  be  caused  by  the  fact 
that  the  laser  cavity  for  phonon-assisted  stimulated  emis¬ 
sion  is  longer  and  would  thus  have  a  higher  Q.  However  we 
have  studied  a  large  number  of  samples  and  have  not  been 
able  to  correlate  the  delay  to  the  length  or  width  of  the 
platelets.  As  well,  preliminary  results  from  a  computer  so¬ 
lution  of  the  rate  equations  for  this  system^  indicate  that 
(mly  a  portion  of  the  delay  can  be  explained  in  terms  of 
resonator  cavity  effects. 
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no.  2.  Delay  of  the  itrongett  laiing  modca  from  the  bandfilled  a  —  1 
electron  to  heavy  bole  and  the  phonon-axsitted  itimulated  emiwinn  vs 
exr^tation  energy  density  per  pulse  for  the  same  sample  as  in  Fig.  I.  The 
delay  of  both  proecaaes  frm  the  pump  pube  at  r «  0  decreaaes  at  higher 
pumping  levels.  The  delay  of  the  phonon-assisted  process  with  respect  to 
the  a  V  I  process  also  dcCTraiw  at  higher  excitation  densities. 

The  delay  time  between  the  pump  pulse  and  lasing 
from  the  bandfilled  n  =  1  e—hh  confin^  state  and  the 
phonon-assisted  process  is  correlated  to  the  excitation  en¬ 
ergy  density  per  pulse  as  shown  in  Fig.  2.  These  delay  times 
were  ditained  from  the  strongest  lasing  modes  in  Fig.  1 
and  from  similar  data  obtained  at  lower  excitation  densi¬ 
ties.  Note  t!  .t  the  delay  for  both  processes  decreases  at 
higher  excitation  density  and  also  that  the  delay  of  the 
phonon-assisted  lasing  with  req^ect  to  the  n  ss  I  e—hh 
quantum  well  lasing  also  decreases  slightly  at  higher  exci¬ 
tation  density.  Part  of  the  delay  of  the  phonon-assisted 
lasing  with  respect  to  the  n  =  1  e—hh  quantum  weU  lasing 
may  be  due  to  the  build  up  of  stimulated  phonon  emission 
which  then  facilitates  phonon-assisted  stimulated  emission. 
In  addition  the  weaker  matrix  element  expected  for  pho¬ 
non-assisted  recombination^'  would  lead  to  lower  gain  and 
contribute  to  the  delay  of  the  phonon-assisted  stimulated 
emission  with  respect  to  the  stimulated  emission  from  the 
R  1  e—hh  quantum  well  transition.  This  delay  ranged 
from  20  to  100  ps  for  all  of  the  samples  and  structures  used 
in  this  work  and  should  not  be  confused  with  the  phonon 
emission  time  associated  with  the  relaxation  of  photoex- 
cited  electrons  which  is  two  orders  of  magnitude  shorter.^ 

The  77  K  time-resolved  stimulated  emission  spectra 
from  a  rectangular  sample  from  the  thinnest  single  quan¬ 
tum  well  structure  ( 17  A)  studied  in  this  work  is  shown  in 
Fig.  3.  Due  to  the  increased  confinement  in  this  thin  well 
the  separation  between  the  r  »  1  «—hh  and  r  =  1'  e— Ih 
energy  states  is  increased  which  causes  the  r  3=  1  lasing 
and  Ae  phonon-assisted  lasing  to  occur  closer  in  wave¬ 
length.  This  has  made  identification  of  the  phonon-assisted 
process  in  this  sample  difficult  using  only  time  integrated 
photoluminescence  spectra.  However  from  the  time-re¬ 
solved  photoluminescence  spectra  of  Fig.  3  the  long  wave¬ 
length  peak  is  delayed  from  and  has  a  wider  FWHM  than 
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FIG.  3.  77  K  time-resolved  stimulated  emissioa  spectra  from  a  photo- 
pumped,  rectangular  sample  (7Sx288  ftm)  with  a  17  A  single  quantum 
well.  Lasing  from  the  n  >s>  I'  electron  to  light  hole  state  (foreground),  and 
the  a  =  I  election  to  heavy  hole  state  (middle)  are  clearly  visible.  The 
phonon-assisted  process  (background)  is  delayed  and  has  a  wider  full 
width  at  half  maximum  than  the  other  processes. 

the  lasing  from  the  confined  particle  transitions,  character¬ 
istic  of  the  phonon-assisted  process. 

The  dependence  of  the  delays  on  the  excitation  density 
is  shown  in  Fig.  4  for  the  17  A  sample  where  data  were 
taken  only  from  the  most  intense  of  the  /i  =  1  tf-*hh  and 
phonon-assisted  laser  modes  in  order  to  obtain  a  larger 


Energy  Density  (//J/cm2) 


FIG.  4.  Delay  of  n  1  dectron  to  heavy  hole  and  phonon-assisted  stim¬ 
ulated  emiisian  vs  «scitatioa  density  for  the  same  sample  &s  in  Fig.  3.  The 
dday  of  both  processes  Cram  the  pump  pulse  at  r  ~  0  decreases  at  higher 
pumping  levels.  The  delay  of  the  phonon-assisted  process  with  respect  to 
the  a  ~  I  ptocesa  also  decreases  at  higher  excitation  densities. 


number  of  data  points  in  a  short  tune.  As  before  the  delays 
-  of  both  processes  are  shorter  at  higher  exdtation  densities 
and  the  delay  of  the  phonon-as^ted  laung  with  respect  to 
die  R  =  1  state  lasing  is  also  slightly  shorter  at  higher  ex¬ 
citation  densities.  Similar  results  were  obtained  for  a  34  A 
SWQH  also  studied  in  this  work. 

Time-resolved  optical  spectroscopy  has  aided  in  the 
identification  of  phonmi-assisted  stimulated  emission 
which  is  delayed  from  lasing  on  the  confined  particle  states 
in  AlGaAs-GaAs  photopumped  lasers.  The  delay  of  the 
phonon-assisted  process  could  be  due  to  resonator  cavity 
effects,  stimulated  phonon  emission  or  from  the  weaker 
matrix  element  that  would  be  expected  for  the  phonon- 
assisted  process.  However,  preliminary  results  from  a  com¬ 
puter  solution  of  the  rate  equations  for  this  system^  indi¬ 
cate  that  only  a  portion  of  the  delay  can  be  explained  in 
terms  of  resonator  cavity  effects. 
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ABSTRACT 

Orange-red  light  emission  has  been  observed  for  the  first  time  from 
crystalline  silicon  nanoparticles  produced  by  gas  phase  synthesis  in  a 
non-thermal  microwave  plasma.  The  size  and  crystalline  nature  of  the 
particles  have  been  confirmed  by  transmission  electron  microscopy  and 
X-ray  diffraction.  Photoluminescence  at  300  K  and  77  K  has  been 
measured  and  analyzed.  The  emission  spectra  are  consistent  with 
quantum  mechanical  calculations  based  on  a  quantum  box. 


INTRODUCTION 

Recently  there  has  been  considerable  interest  in  visible  light 
emission  from  silicon  (Si)  nanostructures.* »2,3  Most  recent  reports  have 
concentrated  on  porous  Si  quantum  wire  structures,  although  the  earliest 
reports  focused  on  microcrystalline  Si:H.3  In  this  paper,  the 
luminescence  and  structural  properties  of  crystalline  silicon 
nanoparticles  produced  by  gas  phase  synthesis  are  presented.  Visible 
orange-red  light  emission  has  been  observed.  The  Si  nanoparticles  were 
characterized  by  transmission  electron  microscopy  (TEM),  X-ray 
diffraction  (XRD),  and  both  time-integrated  and  time-resolved 
photoluminescence.  A  simple  quantum  mechanical  calculation  based  on 
a  quantum  box  is  presented. 


EXPERIMENTAL  PROCEDURE 

The  crystalline  silicon  nanoparticles  examined  were  prepared 
using'  a  non-thermal  microwave  plasma  reactor^.  Electronic  grade  silane 
(SiH4)  was  used  as  the  precursor  gas,  and  ultrahigh  purity  argon  (Ar) 
served  as  a  carrier  gas  and  a  diluent.  A  mixture  of  10  seem  SiH4  and  90 
seem  Ar  were  used,  with  the  system  pressure  held  at  1  torr  and  a 
plasma  power  of  150  watts.  The  gas  flow  was  laminar,  allowing  the  e 

particles  produced  in  the  plasma  region  to  be  carried  downstream  where 
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they  were  collected  on  a  Teflon  filter  paper  (10  pm  pore  size)  mounted 
in  the  reactor  tube.  An  advantage  of  this  synthesis  technique  is  that 
alternative  semiconductor  materials  can  also  be  prepared  as 
nanocrystalline  panicles. 

The  microstructural  properties  of  the  Si  particles  were  analyzed 
using  TEM  (Hitachi  H-800,  100  kV  electron  energy)  and  XRD  (Rigaku 
diffractometer,  Cu(Ka)  radiation,  X=:1.5418A).  Preparation  for 
photoluminescence  consisted  of  pressing  the  silicon  particles  into  indium 
on  a  copper  plug  as  a  heat  sink.  The  samples  were  then  photoexcited 
using  an  argon  ion  laser  (X=5145A,  pulsed).  Luminescence  from  the 
sample  was  collected  and  analyzed  using  a  O.S-m  spectrometer  and  a 
cooled  S-1  phtomultiplier.  The  radiative  lifetime  measurements  were 
performed  using  a  S  ps  (Xpump  =  6586  A,  82  MHz  repetition  rate)  optical 
pulse  from  a  synchronously  pumped  DCM  dye  laser  excited  with  a  mode 
locked  and  frequency  doubled  NdrYAG  laser.  Luminescence  from  the 
sample  was  measured  using  a  0.32-m  double  subtractive 
monochromator  and  a  streak  camera  system.  The  temporal  resolution  of 
the  system  was  approximately  IS  ps. 


RESULTS  AND  DISCUSSION 


Bright  field  and  dark  field  TEM  images  of  the  collected  Si  particles 
are  shown  in  Figs.  1(a)  and  1(b).  The  bright  field  image  reveals  the 


(a)  (b) 

Fig.  1  TEM  micrographs  of  Si  particles,  (a)  Bright  Held  image,  with 

the  electron  diffraction  pattern  inserted  at  the  top  right  comer.  o 

(b)  Dark  field  image,  in  which  only  electrons  diffracted  from  ^ 

crystal  of  a  given  orientation  are  observed. 
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small  particle  size,  and  the  electron  diffraction  pattern  (top  corner  of  Fig. 
1(a))  reveals  that  the  particles  are  indeed  crystalline  silicon.  The 
diffraction  rings  are  fairly  broad  and  diffuse  because  of  the  small 
particle  size. 5  The  dark  field  image  in  Fig.  1(b)  provides  a  measure  of 
the  particle  sizes  and  indicates  that  each  particle  is  single  crystal.  In 
dark  field,  the  image  is  formed  by  electrons  which  have  been  diffracted 
from  particles  of  a  given  orientation  only.  The  particles  observed  range 
from  5  to  20  nm  in  diameter  with  an  average  size  of  about  12  nm.  The 
particles  appear  elongated  in  one  direction  due  to  sample  vibration 
during  photographic  exposure. 

The  crystallinity  and  small  particle  size  are  also  confirmed  by  the 
X-ray  diffraction  pattern  shown  in  Fig.  2.  The  peak  positions  reveal  a 
lattice  parameter  of  5.434(±  .007)  A  which  is  virtually  identical  to  the 
5.430  A  for  bulk  Si.  The  width  of  the  diffraction  peaks  can  be  used  to 
obtain  a  rough  estimate  of  particle  size,  neglecting  the  effects  of  stacking 
faults  and  non-uniform  strain.^  Using  Warren's  method^,  the  particle 
size  calculated  from  the  three  largest  diffraction  peaks  ranges  from  12  to 
18  nm,  which  is  in  general  agreement  with  the  TEM  results. 


Fig.  2 


X-ray  diffraction 
pattern  of  Silicon 
particles. 


Photoluminescence  from  the  crystalline  silicon  nanoparticles  at 
300  K  and  77  K  is  shown  in  Fig.  3.  Bright  orange-red  light  emission  can 
been  seen  from  the  sample  when  viewed  through  a  long-pass  optical 
filter  that  blocks  the  pump  laser.  The  broad  range  of  the  luminescence 
and  the  numerous  peaks  are  believed  to  be  due  to  the  non-uniform 
distribution  of  particle  sizes.  Since  the  focused  laser  beam  is  about  10 
pm  in  diameter,  thousands  of  particles  ?re  being  excited  simultaneously. 
Note  that  the  peak  shifts  to  a  shorter  wavelength  at  77  K,  which  is  due  to 
the  increase  in  the  band  gap  of  silicon  at  low  temperatures.^ 


c 

c 
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Light  Emission  From  Si  Nanoparticles 
Pump:  Ar*  Laser,  5145A,  Pulsed 


<b)77K.440kW/cin* 


(a)300K,460kW/cm* 


Fig.  3  Time-integrated  photo¬ 
luminescence  of  the 
crystalline  silicon  nano¬ 
particles  at  300  K  and 
77  K.  Note  that  the  non- 
uniform  distribution  in 
particle  sizes  is  partially 
resolved  at  77  K, 
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Fig.  4  Time-resolved  photoluminescence 
of  the  crystalline  Si  nanoparticles 
at  77  K.  The  pump  wavelength  is 
65 


8060  ^ 


7900  4^ 


Time-resolved  photoluminescence  at  77  K  from  the  same  sample  is 
shown  in  Fig.  4.  The  radiative  lifetime  was  determined  to  be 
approximately  1  ns  by  measuring  the  exponential  decay  time  of  the  light 
emission.  It  is  interesting  to  note  that  the  radiative  lifetime  is  very  close 
to  the  lifetimes  of  direct  band  gap  materials.  This  characteristic  suggests 
that  the  radiative  recombination  mechanism  in  these  nanoparticles  is 
much  different  than  that  in  indirect  band  gap  materials  like  bulk  silicon. 
The  ultra-small  size  of  the  silicon  particles  should  quantum  confine  the 
electrons  and'  holes.  This  strong  quantum  conHnement  may  enhance 
scattering  or  phonon  processes  that  make  efficient  radiative 
recombination  possible  in  these  silicon  nanoparticles. 

The  transition  energies  resulting  from  quantum  confinement  or 
quantum  size  effects  were  calculated  based  on  spherical  and  cubic 
symmetries.  Since  it  was  mathematically  easier  to  include  the 
anisotropic  effective  mass  for  the  case  of  cubic  symmetry  (in  contrast  to 
spherical  symmetry),  the  calculated  emission  wavelength  versus  size  for 
a  quantum  box  is  shown  in  Fig.  5.  The  equivalent  ball  diameter  is  the 
diameter  of  a  sphere  with  the  same  volume  of  the  cube.  The  model 
assumes  an  infinite  potential  outside  the  quantum  cube.  The  quantized 
energy  states  can  be  obtained  for  both  the  conduction  and  valence  bands 
by  solving  the  Schrodinger  wave  equation.  The  difference  in  emission 


N  s  1  Quantum  Box  (Cube) 


EQIVALENT  BALL  DIAMETER  (nm) 


Hg.  5  Quantum  mechanical  calculation  of  the  emission  wavelength 
versus  particle  size  for  a  quantum  box,  with  the  box  dimension 
converted  to  an  equivalent  sphere  diameter  of  the  same 
volume. 
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wavelengths  at  300  K  and  77  K  is  due  to  the  increase  in  the  band  gap  of 
Si  at  low  temperatures.^  Based  on  the  measured  emission  spectrum,  the 
simple  model  predicts  a  particle  size  in  the  range  of  4'>6.5  nm,  which 
corresponds  to  the  lower  end  of  the  size  range  revealed  by  TEM.  The 
difference  between  the  predicted  particle  size  and  the  "average”  size 
observed  by  TEM  and  XRD  could  be  due  to:  (1)  impurities  (e.g.  H,  C,  O). 
(2)  a  thin  oxide  layer  covering  each  particle,  (3)  too  simplistic  a  model, 
(4)  that  only  the  smallest  nanoparticles  have  a  high  enough  radiative 
recombination  rate  (oscillator  strength)  to  contribute  to  the  optical 
emission. 


CONCLUSION 

We  have  demonstrated  that  crystalline  silicon  nanoparticles  can 
emit  bright  visible  light  at  300  K  and  77  K.  The  emission  spectra  are 
consistent  with  a  quantum  mechanical  calculation  for  a  quantum  box. 
These  results  should  be  helpful  in  understanding  the  physical 
mechanisms  of  light  emission  from  silicon  nanostructures. 
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A  GENERAL  DERIVATION  OF  THE  DENSITY  OF  STATES  FUNCTION 
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The  intent  of  tfiu  piper  U  to  provide  the  loder  with  a  detailed  wminaiy  of 
the  devdopoteat  of  the  denaity  of  states  (DOS)  fttoctions  for  two^meniianal  sys¬ 
tems.  Specifically,  the  DOS  IS  derived  for  an  infiniie  quantum  «wll.  a  finite  well, 
and  a  poio^  anay  of  conned  weDs  (a  auperiattiee).  Many  amhon  state  diat  the 
DOS  is  "siiqply  ...without  references,  yet  many  who  are  new  to  the  sulqect  of  two- 
dimensional  systems  may  not  see  the  ’simplieity,*  for  instance,  of  the  derivation  of 
theDOSforaaupetbttioe.  We  also  show  the  reiationsl^  between  the  expressions 
for  each  case  when  the  qipropriate  limits  are  taken.  This  comparison  shows  the 
coosisteiiey  that  such  a  gmeral  derivation  furnishes  to  each  expression. 


Introductioo 

The  distribution  of  carriers  (eketrans  or  holes)  per 
ttiUt  cneriy  interval  in  a  semiconductor  is  determined 
by  the  density  of  states  (DOS)  and  the  Fermi-Dinc  dis- 
tnbution  functions.  The  DOS  function  tdls  us  bow 
many  electron  or  hde  stales  are  in  an  interval  of 

S  while  the  Fcrmi-Dirac  function  tells  us  the 

lity  of  finding  a  carrier  for  each  of  those  stales, 
lance,  in  the  case  of  a  smrlattioe,  the  distribu¬ 
tion  of  electronic  states,  or  the  DOS,  is  somewhere 
between  that  of  a  quantum  wdl  and  the  bulk 
semiconductor,  and  the  absorption  and  emission  line- 
shapes  are  xr^y  afifecled  due  to  the  form  of  the  DOS 
function.!  This  suggests  that  an  understanding  of  the 
distribution  of  states  is  crucial  in  the  deydopmcrtt  of 
optodectronic  devices  employing  two-dimensional  sys¬ 
tems. 

In  this  review,  the  DOS  function  is  first  derived  for 
the  simple  case  of  the  idol  (infiniie),  two-dimensional 
(2D)  square  well.  This  pure  20  anal^rsis  is  found  to  be 
inadequate  and  is  improm  with  the  incorporation  of 
the  third  dimension  (the  wdl  width).  The  next  section 
considen  the  DOS  function  for  thin  or  shallow  wells 
with  the  bound  stales  of  interest  near  the  top  of  the 
well.  In  this  case,  the  ideal  analysis  breaks  down,  and 
the  bound  states  must  be  found  numerkdly  and 
inserted  into  the  DOS  function.  The  effeett  of  cou- 
l^g  between  an  array  of  finite  quantum  wells  is  con- 
sidoed  next  in  the  denvation  for  superlattices.  Finally, 
the  equivalence  between  each  case  is  shown  as  the 
appropriate  limits  are  taken.  First  is  an  example  of  the 
equivalence  of  the  single  well  DOS  u  that  of  the  bulk 
semiconductor  as  the  well  width  is  allowed  to  go  to 
infinity.  Next,  a  conceptual  analysis  is  used  to  show 
that  the  superlattice  DOS  reduces  to  the  single  quan¬ 
tum  well  case  as  the  barrier  width  gets  large,  and  the 


three-dimensional  (3D)  DOS  is  achieved  when  the 
barrier  width  goes  to  lero,  or  the  well  width  goes  to 
infinity. 


The  Infinite  PMential  Well 


The  density  of  states  (DOS),  gCfX  u  defined  sudi 
tiiat  the  number  of  orbital  states  per  unit  volume  with 
energy  between  EwAdE'v^ 


g,iE)dE-Y.Y.I.  I 

tftm  mUK  tuttr  ^ 


where  I  is  the  number  of  dimensions,  dk  is  the  differ¬ 
ential  voiume  (3D),  area  (2D)  or  knjph  (ID)  demem 
far  a  surfece  irf  constant  enet^,  and  the  summations 
are  taken  over  qnn,  degenerate  band  minima,  and  any 
odier  mechanism  resulting  in  a  degeneracy  of  dec- 
tronic  states.  For  energy  surfaces  with  a  high  degree 
symmetry  (spherical,  parabolic,  etc.),  the  differential 
^ume  dmneat  can  be  coverted  to  a  differential  func¬ 
tion  of  enern,  and  the  DOS  is  obtained  by  taki^  the 
derivative  of  both  sides  of  die  above  equation  with 
respect  to  E.  However,  since  such  symmetry  is  not 
alwm  die  case,  we  will  use  the  gen^  mqiiession  for 
die  DOS,  which  is  given  by^ 

where  cf  5  is  the  differential  surface  area  of  die  con¬ 
stant  energy  surface  in  3D,  while  we  use  a  differential 
length  for  the  2D  case. 
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The  ene^,  f  ,  of  an  electron  near  the  minima  of 
the  condtictioH  band  in  the  free  particle  approaimation 
is  liven  by 


£ 


2m’ 


(2) 


where  h  is  Plank’s  constant  divided  by  2n ,  k  is  the 
wavevecior  of  the  particle,  and  m*  is  the  effective 


mass. 

For  the  pure  2D  case  with  only  spin  degeneracy, 
^jherkal energy surfece, and  k*~kl*kl, 
^nation  (1)  becomes 


_  _ 2kct» _ _ 

2itk 

2n*ft*k/m* 


(3) 


Equation  (3)  is  the  DOS  for  the  pure  2D  case 
where  there  is  no  iS  dimensian,  and  bound  states 
higher  than  n>l  are  neglected.  In  reality,  there  is  a  £ 
dimenskm,  which  in  feet  is  responsible  fat  the  quantum 
size  effects  in  a  real  device.  To  find  the  DOS  using  the 
more  general  iqipronch,  we  must  solve  the  problem  in 
three  mmenaiaos.  The  energy  is  then 


i. 


ngurel.  Difierential  surfece  area  of  a  constant  energy 
siufeee  in  cylindtical  coordinales.  The  z>y  cron  section 
is  cirailar,  but  the  x-z  (or  y>z)  cross  section  is  not  nec¬ 
essarily  circular. 


Stfostitudrig  this  eiqMcssion  into  dS,  weget 


The  3D  single  quantum  wdl  (SQW)  DOS  is  then 


(4 

where  the  dectron  is  fere  in  the  ^  and directions 
(k.  and  ky  are  continuous),  while  it  is  bound  in  the  £ 
tfirection  (k.isdiacrele).  ¥fith  the  h^trf Figure  1, 
the  differential  surfece  area  is 

as  -  kd^V(dfc)**(d*.)*  •  (5 

Since  the  differential  change  in  energy  along  a  constant 
energy  surfece  is  rero. 


d£-— (kdk*k,dk,)-0. 
tn 


r*'  2Vk»*k!d»dk, 

8n’|v*[jJ(k*-^k;)]| 

yjic**  kldkt 

•'-**2n*^V***fcJ 

(8) 

Recall  from  the  striution  of  the  infinite  square  well 
problem  that  k,  is  quantized,  and  is  given  by 
k,  •  nti/I,  where  I, is  the  width  of  the  well.*  Insert¬ 
ing  this  into  Equation  (8)  gives 


dk  -  -^dk, 
k 
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Comparing  this  result  to  Equation  (3),  we  see  that 


The  Finite  Potential  Wdl 


«- 1.2.3....  (10) 


This  same  result  can  also  be  obimned  starting  with  the 
3D  DOS.  Using  ^uatkm  (1),  the  3D  DOS  for  a  bulk 
semiconductor  is  given  by  the  well-known  expression^ 


9,(.n 


^(m'y  rr: 


(H) 


The  solution  to  the  infinite  square  well  fuleal  case) 
results  in  quantized  energies,  and  for  both  k.  and 
equal  to  rero,  is  given  by* 


E 


m 


2m' Ll 


rt- 1.2.3....  (12) 


Using  this  form  of  the  energy  in  Equation  (11),  the  30 
DOS  becomes 


m*  n 


(13) 


We  have  seen  so  far  that  the  DOS  of  an  infinite 
potential  well  is  a  stqi-like  function,  where  a  constant 
g2(.E)/Lt  isaddedto  9j^(£')foreachquanti2ed 
step  m  energy.  For  the  finite  well,  however,  the  wave- 
functkms  near  the  top  of  the  well  are  less  confined, 
resulting  in  lower  bound  state  energies  compared  to 
those  of  the  infinite  well,  resulting  in  different 
steps  in  the  DOS.  This  can  be  seen  by  striving 
SchrOdinger’s  Equation  and  numerically  or  graphically 
finding  the  values  for  the  bound  states.^ 

The  finite  potential  well  is  shown  in  Figure  3.  Tak¬ 
ing  the  bottom  of  the  well  as  zero  potentUTand  the  top 
of  the  well  as  V  o  .we  can  define  the  following 
variables: 


a 


2m‘(l/.-f) 

ft* 


.,  2m'E 
*  ■— 


Y 


a 


2mV. 

ft* 


For  even  wavefunctions,  the  solution  is 


which  is  identical  to  Equatioas  (9)  and  (10). 

Equations  (10)  and  (12)  are  shown  graphically  in 
Figure  2  bdow.  Note  for  each  step  in  n,  a  constant 
is  added  to  the  3D  DOS  function,  which 
resulU  in  a  set  of  stqrs  that  follow  the  bulk  DOS  curve. 
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UgHic  2.  The  DOS  of  an  infinite  quantum  well  as  it 
corresponds  to  the  bound-state  energies.  In  this  case, 
the  bound-state  eneigy  is  inversely  proportional  lo  the 
well  width,  while  the  DOS  is  inversely  proportional  to 
the  tquen  of  the  width,  so  a  wdl  that  is  half  as  thick  as 
the  original  one  will  have  a  bound  state  twice  as  high, 
and  a  DOS  Jbur  times  the  original  value. 


(J4) 

while  the  odd  siriution  is 

o--kcot^fc^j. 

(15) 

Also,  notice  that  from  the  defined  variables. 

Y*  "  o*-*-  it*  , 

(16) 

K(*) 

y. 


I 


II 


III 


Figure  3.  Fmite  potential  well.  The  width  is  I.  ,  and 
the  potential  dqrih  is  F  o  . 
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whick  is  (he  equa^  for  s  circle  with  radius  v . 
Giaphii^  equations  (14-16)  as  in  Figure  4,  we  can  find 
die  set  of  allowed  values  Ic. ,  which  give  us  the  values 
of  the  energy  eigen  states 


*  2m-  "  • 


(17) 


Using  Equation  (17)  in  (11),  we  find  the  DOS  for 
die  finite  quantum  well  (FQW)  to  be 


^  ^  nfi*n 


(18) 


cular  curve  of  radius  y  will  contract  In  this  case  (sym¬ 
metric  well),  there  will  always  exist  at  least  one  bound 
state. 


Notice  that  A*  -  is  no  longer  a  con¬ 

stant  In£act,AAc  gets  smaller  as  n  gets  bigger  for  the 
same  reason  that  each  bound  state  of  the  finite  well  is 
lower  than  the  corresponding  eigen  energy  of  the  infi¬ 
nite  well  ^  an  increasing  amount  as  n  increases  as 
shown  in  Figure  S. 

Notice  that  the  highest  bound  state  of  the  finite 
quantum  well  is  very  near  the  top  of  the  wdl.  Refier- 
nng  back  to  Figure  4,  the  intersection  on  the  circle  Ux 
this  state  occurs  at  a  point  where  a  tangent  to  the  cirele 
will  be  almost  vertical.  This  means  that  if  the  width  of 
the  well  were  changed,  the  shift  in  the  bound  «*««» 
would  be  very  smml.  If  the  wdl  was  very  thin  such  that 
n/I, »  Yi  we  would  only  have  one  bound  state  in  the 
well  and  the  energy  of  that  state  would  be  near  the  top 
tothewell.  In  this  case,  a  large  change  in  would 
only  iHoduce  a  small  shift  in  the  energy,  as  shown  in 
Figured. 


Figure  S.  Comparison  of  eneny  sates  and  DOS  for  an 
tnnnia  siiigle  quantum  well  (SQW)  and  a  finia  quan¬ 
tum  well  (FQVO-  Nddce  that  the  energies  of  the  states 
in  the  finia  well  ate  no  longer  inversely  ptopordonal 
the  well  width,  and  the  DOS  is  not  inversely  propor¬ 
tional  a  the  square  of  the  width. 


Noa  that  in  this  caa,  the  DOS  for  a  thin  well  has 
ne^y  the  same  DOS  as  a  well  twice  as  big  as  the  first. 
This  IS  contrary  a  the  infinia  well  case,  where  the 
DOS  of  the  first  staa  of  the  thinner  well  is  four  times 
as  great  as  the  DOS  of  a  well  that  is  twice  as  wide! 

The  consequence  is  that  in  a  real  system  with  very  thin 
wells,  calculattons  which  depend  on  the  density  of 
states,  sudi  as  the  capture  or  emission  of  chuge  carri¬ 
ers,  become  less  dnoident  on  the  width  of  fla  well. 

In  this  case,  other  naan  such  u  the  spaiy  extent  of 
the  wavefimction  become  more  important.* 

Superlattices 

When  two  finia  quantum  wells  are  placed  near 
each  other  such  that  da  barrier  between  them  is  small 
enot^  a  allow  intenction  between  the  weUs,  the 
degeneraa  states  »lit  ina  two  bound  states  of  nearly 
the  same  energy.  If  this  multi|de  quantum  well 
arrangement  were  extended  a  many  wells  placed 
together,  then  the  energy  levels  broaden  ina  bands, 
much  like  the  enogy  bands  of  the  host  crystal  which 
are  due  a  the  periodicity  of  the  aamk  lattice.  The 
differences  are  that  the  quantum  well  lattice  is  one 
dimensional  with  a  period  several  times  greater  than 
that  of  the  crystal,  and  the  maty  bands  due  a  the 
coupled  wells  ate  supetimposedma  the  allowed 
enem  bands  of  the  host. 

Such  a  structure,  first  proposed  by  Esaki  and  Ta  in 
1969,  is  called  a  superlathce  due  a  tM  periodic  poten¬ 
tial  superimposed  on  the  crystal's  periodic  potential, 
whidi  pves  rise  a  a  new  band  strucare.*  The  new 
potential  is  due  a  an  array  of  square  wdls  of  width  I., 
separated  by  batriets  ot  width  and  height  U o . 
Applying  the  tight-binding  mproximation  a  the  new 
penodic  potential,  the  superuittice  energy  bands  can  be 
calculated.  For  the  periodic  superlat^  potential 
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Figure  t.  (a)  Gnphical  sdutiofl  for  well  with 
ZLt-L't,  V  ^  (b)  Single  bound  state  for 

both  wells,  and  (c)  The  DOS  for  the  cotiespondinc 
wells.  Notice  tli^  the  DOS  of  the  thin  well  is  not  four 
times  that  of  the  thick  well.  In  6ct,  for  ulin-dtin  wells, 
the  DOS  of  both  wells  may  be  nearly  equal. 


f/(z}  -  £/(z-  nd),  whered  is  the  period  of  the 
superlattice,  I,  I»,  and  n  is  an  integer,  the  energies 
can  be  found  using‘<* 

St  I  I 

n‘ 

<V.  IV».> 


(21) 

I 

for  N  wells.  Solving  (19)  yields 

-£''*^-o-2pcos(jk,d)  (22) 

where 

a-  J^(ip'«^(2))'f/(z)v''«^(z)dz  ,  (23). 

which  is  the  shift  from  f^^'^due  to  the  coulombic 
interaction  of  the  coupled  wells,  and  P  is  the  exchange 
energy  which  determines  the  extent  of  the  band  broad¬ 
ening,  and  is  given  by 

P-  j^(v'®^(2-d))’f/(z)i|;'«^(2)dz.  (24) 

assuming  appreciable  interaction  from  adjacent  wells 
only.  The  important  diing  to  note  about  a  and  P  is 
that  as  the  barrier  width  decreases,  the  interaction 


between  wells  should  increase,  and  thus  a  and  P 
should  increase. 

The  energy  bands  of  a  superiattke,  as  shown  in 
Figure  7(a),  can  be  found  using  Equation  (Ij}  with  the 
to^  energy  written  as 


-£o“2pcos(*.d)*^(ki**;)  (25) 

where  Fo  •  o.  The  divergence  of  the  total 

energy  with  respect  to  die  wavevector  is 

V*F-2dpsin(fc,d)i*^(fc,;e**  :/)  , 

m 

so  the  magnitude  is  then 

(26) 

The  differential  surfoce  area  of  the  constant  energy 
surfoce  is  given  by  Equation  (3).  Recall  that  the  differ¬ 
ential  change  in  energy  of  a  conaam  energy  surfoce  is 
zero,  so  we  can  relate  dk  to  dfcx.  Let  ky, 

then  df  -  0  becomes 


df -0-  2pdsin(k,d)dk,-» — -kdk  , 

m 


dk~- 


2/n‘pd  . 


^sin(k.d)dk,.  (27) 


The  differential  surfoce  area  of  Equation  (3)  then 
becomes 
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F|giire7.  (i)  Duperskn  idation  (or  a  supedattke, 
arnlQ))  DOS  (or  a  nqiolattice  versus  sinik  well  and 
bulk.  Because  the  inietaetioR  between  w^  causes  the 
bound  stales  to  bioaden  into  bands,  the  DOS  is  no 
longer  constud  as  with  the  finite  wdl,  but  it  does 
letttn  a  stq»-like  nature. 


dS  -  kdtypSjMy „n*(*.d)(dfc.)«  ♦  (d*.)»  (28) 

which,  using  Equation  (2d),  can  be  re-written  as 


dS-d4dfc,^.^4d*p*sin*(k.d)-^ 


-d4d*.^|7.fl 

Putting  this  in  die  DOS  Equation  (1),  we  get 
I  r  dS 
^  ^  4n*J  |7,f 


'z7?r? 


2n*n 

m 


(30) 


which  is  the  same  as  Equation  (8).  The  next  stqi  is  to 
sdve  for  ks  but  normaliase  the  problem  first  by  defin¬ 
ing  a  dimenskmless  energy  that  is  sero  bdow  the  bot¬ 
tom  of  a  subband,  and  has  a  value  of  one  for  enen^ 
above  the  subband.  Using  Equation  (25),  and  adding 
and  subtracting  2^, 

f-fo*^-|43cos{k.d)*^-2p.  (31) 

Kcamnging, 

ft*** 

. - ^ - -d-cosk.d)-?  (32) 

where  ^  is  the  new  dimensionless  energy.  Now  striving 
fork,,  we  get 

k,-3arccos(l -2|)  (33) 

d 

The  DOS  for  a  superlattioe  is  then 

.  /  0  :  5<0 
a“(f)-;jf^^arccos(I-2|):  OS^Sl  (34) 

which  is  shown  in  Figure  7(b).  Toexpiess  03^(£’)as 
9^(1),  we  must  note  diat 
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g^(£)df 


So  Equation  (3S)  becomes 

g“(?)d?-sr(f)43d? 


ff,  (?)--^arccos(l-2?):  OS5SI  (37) 

Recall  that  this  analysis  was  for  each  subband,  so 
we  must  modify  the  equation  to  reftfesent  the  general 
case.  From  the  superlattice  di^rsion  relation  (Figure 
7(a))  we  see  that,  along  with  Equation  (33),  that  the 
general  form  of  the  wavevector  is 

fc,-^*iarccos(l -25,)  (38) 

d  d 

where  n  is  the  number  of  filled  subbands,  and  is  the 
dimensionless  energy  of  the  <  '*  subband  where 
i  -  n  1  (recall  that  each  is  unique  since  I, 
depends  on  E  ,  a  and  p ,  all  of  which  change  for 
different  subbands).  The  total  superlattice  DOS  is 
then 

« 

gf(f)--^[nn*arccos(l-2?.)]  (39) 

ji  n  u 

for  0  <  ?,  <  1 .  For  energies  that  fall  between  the  n"* 
and  i"'  subband,  we  have 

St  ^  ^  ^ 

5 


s.(E)5 


which  looks  a  lot  like  Equation  (10)  (  except 

that  we  have  the  ^Ktor of  I /d  instead  of  1 /I..  This 
is  because  the  superlattice  DOS  depends  on  the  inter¬ 
action  of  coupled  wells  in  a  periodic  potential  of  period 
d,  while  the  single  quantum  well  DC^  depends  only  on 
L ,  since  there  is  no  interaction  from  other  wells. 

Equivalence  of  DOS  Expressions 

The  single  quantum  well  DOS  derived  earlier 
should  reduce  to  the  3D  DOS  if  the  well  width  is 
allowed  to  go  to  infuiity.  As  an  example  of  this,  let  us 
find  the  number  of  electrons  per  unit  volume  in  a 
quantum  well  of  a  non-degenerate  semiconductor  Q.e. , 
let  the  conduction  band  energy,  Ec ,  be  greater  than  a 
few  kfT  above  the  Fermi  energy,  E  r).  The  solution 
should  be  equivalent  to  the  electron  density  found 


when  the  3D  DOS  is  used  for  the  bulk  semiconductor 
case.  The  expression  for  the  electron  density  is" 

(41) 

where  /  £  )  is  the  Fermi-Dirac  distribution  func¬ 

tion,  which  can  be  approximated  by  the  Maxwell- 
Boltzmann  distribution  function,  /  m«(  f  )•  for  a 
non-degenerate  semiconductor  where  Ec~  E  ,'\s 
greater  than  a  few  k^T,  or 


-/.,(£)  (42) 


So  the  electron  density,  n„  is  then 

f  m  n  17“  .p 

n  -  — ;  —  e  *  d£ 

Ji,  nft*  L, 

•  1l  ,t  .J- 

--rrr  ®  I  ne  *  dE  (43) 
nft  Z.,  Jt, 

Notice  that  R  is  a  function  of  £  that  increases  by  one 
for  each  additional  bound  state.  For  die  bottom  of 
each  step  in  the  DOS  curve,  let  £-£,••£.,  and  let 
(.Emtx  ~  ^c)  ^  and  lake  the  contribution  of 
each  bound  state  separately,  as  in  Figure  8, 

n,“  A*  B* ... 

h.  f.  -J- 

*  e'*’^  f  e  ‘’^dE  +...  ] 

Jt. 

or 

•1.  -r  ('••*>) 

Zrri  Kml  ,_r 

- - —  e 

'  -r 

-  H—iLy  o'  e  **" 

4-  J 

*•'  (45) 
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where  N  is  the  effective  DOS  for  the  conduction 
band  electrons  in  a  quantized  system.  As  I  ^  grows 
large,  the  bound  states  will  drop  toward  E, ,  and  will 
eventually  form  an  energy  band,  as  in  the  bulk  mate¬ 
rial.  WhOT  this  happens,  we  can  say  that  the  number  of 
bound  states  in  the  band  is  large  (note  in  Equation  (10) 
that  Z.i«n),  so  asl.  goes  to  infinity,  n  also  goes  to 
inflnity,  and  we  should  get  the  same  N  ^  as  for  the  3D 
bulk  case.  In  the  limit  of  the  sum  going  to  an  integral. 


(V*.) 


('.-M 


dn 


a  *"  dn 


2m’L\k,T 
Substituting  Equation  (46)  into  N  gives 


‘  I  nft*/,.  V  2nft* 
V  2nft*  j  ' 


(46) 


(47) 


which  is  exactly  the  value  for  the  bulk  case,  where' > 


Figure  8.  The  DOS  near  the  bottom  of  a  wide  quan¬ 
tum  well.  The  contribution  of  electrons  from  ei^ 
bound  state  is  found  when  each  element  of  the  DOS  is 
intrerated  with  the  distribution  function,  giving  the 
total  number  of  electrons  as  the  sum  of  each  contribu¬ 
tion. 


(49) 

which  means  that  k*  •  nn/I,  in  the  limit  of  large  bar¬ 
riers.  Using  this  wavevector  in  Equation  (31),  we  get 


Since  Equations  (47)  and  (48)  are  equivalent, 

N -  N f"'*  in  the  limit  as  I,  goes  to  infinity.  This 
is  equivalent  to  saying  that  the  general  2D  DOS  is  the 
same  as  for  the  bulk  case  in  this  limit  since  the  only  dif¬ 
ference  between  these  expressions  is  the  DOS  func¬ 
tions  used  at  the  start  of  their  derivations. 

To  see  how  Equation  (40)  for  the  superlattioe  DOS 
relates  to  the  single  quantum  well  case,  we 

must  move  the  wells  of  the  superlattice  apart 
(I5  -*  <*>),  which  removes  th^  interaction.  This 
results  in  a  and  |3  both  going  to  zero,  so  Equation  (25) 
becomes 


E 


£■501/ 


2m' 


2m’ Ll  *  2m' 


limgj‘(£) 

L.-m 


m’  nn 

17 


m’  n 
nft* 


-  )  (50) 

Similarly,  to  show  how  the  superiattice  DOS  relates 
to  the  bulk  case,  gjCE)  ,  we  can  either  let  vanish, 
or  let  Lx  go  to  infinity.  If  gets  small,  the  coupling 
between  the  wells  get  stronger,  and  the  subbands 
broaden  until  the  steps  in  the  Evsg^CE)  curve 
merge  and  form  a  continuous  parabolic  curve.  Note 
that  the  >ymniettical  shrqie  of  the  steps  in  Figure  7(b) 
are  arc  cosine  functions,  which  is  due  to  the  assump¬ 
tion  that  only  nearest-neighbor  interactions  contribute 
in  the  tight-binding  theory.  For  very  strong  coupling, 
however,  tvells  beyond  the  nearest  neighbors  must  be 
consider^  since  the  ^Btial  extent  of  the  electron 
wavehinctions  become  large.  This  Sfiporent  fiulure  of 
the  tight  binding  method'^  will  result  m  the  loss  of  the 
arc  cosine  symmetry  of  the  stqn,  and  should  allow  the 
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shape  of  the  steps  to  confonn  mote  to  the  parabolic 
bulk  case. 

If,  however,  we  let  I,  get  large,  the  carrier  wave- 
function  will  be  more  confined  in  the  wells,  which 
reduces  the  coupling  and  causes  the  subbands  to 
narrow.  But  increasing  also  has  the  effect  of  mov¬ 
ing  the  subbands  down  in  energy  (remember  that  the 
subbands  are  nearly  centered  on  the  bound  states  of 
the  single  quantum  well),  which  would  cause  then  to 
stack  up  at  the  bottom  of  the  wells.  For  a  large  well 
width,  the  steps  in  the  F  vs  gf'Cf)  curve  will 
become  so  small  and  numerous  that  they  will  form  a 
quasi-continuous  curve  that  will  approach  the  bulk 
DOS  case.  In  either  case,  the  energy  band  would 
^qiroach  the  bulk  case,  where  £(it)canbeapproxi- 
mated  by  a  parabolic  curve,  and  k,  would  become 

k  j  -  42m' E /fi .  Using  this  intuitive  analysis  in 
Equation  (38),  we  get 


nn 

H* 


icos-‘(l-2?,) 


42m’E 

ft 


.(51) 


and  Equation  (39)  becomes 


m* 


42m’E 

ft 


42(m'y 

n*ft’ 


which  |s  the  3D  DOS  given  in  Equation  (11). 


Conclusions 


(52) 


The  derivation  of  the  DOS  function  for  quantum 
wells  and  superiattices  is  straight  forward  when 
qjproached  with  some  insight  into  the  physical  con¬ 
straints  of  these  structures.  The  pure  20  infinile  well 
case  proved  to  be  inadequate  for  the  treatment  of 
actuai  quantum  well  systems  because  it  ignores  the  well 
width  and  higher-order  bound  states  of  the  quantum 
well.  The  finite  well  case  was  obtained  when  the 
tqipropriate  boundary  conditions  were  applied.  Special 


care  must  be  taken  when  analyzing  very  thin  wells 
because  the  energy  levels  may  or  may  not  be  strongly 
dependent  on  the  well  width.  The  superlattke  DOS 
was  then  derived  by  considering  the  interaction  of  an 
array  of  finite  quantum  wells.  Finally,  we  showed  that 
each  of  the  above  cases  is  consistent  with  the  others 
when  the  appropriate  limits  of  well  or  barrier  width  are 
taken  into  account. 
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This  paper  presents  two  ways  to  reduce  leakage  currents  in  transverse  junction  stripe  (TJS) 
lasers:  by  reducing  surface  leakage  current  and  by  reducing  bulk  leakage  current.  The  surface 
leakage  is  reduced  by  treatment  with  (NH4  IjS,  while  the  bulk  leakage  current  is  reduced  by 
isoelectronic  doping  with  indium.  We  report  the  first  detailed  experimental  investigation  on  the 
effect  of  the  chemical  treatments  on  the  electrical  characteristics  and  laser  thresholds  of  TJS 
lasers.  Surface  treatments  of  (NH4  IjS  are  demonstrated  that  reduce  surface  leakage  currents 
in  current  injection  lasers.  After  the  chemical  tr^tments.  a  20-fold  reduction  in  current  has 
been  achieved  with  GaAs/AlGaAs  lattice-matched  multiple-quantum-well  TJS  lasers.  The 
laser  thresholds  of  lattice-matched  TJS  lasers  are  reduced  by  12  mA  (or  16% )  after  the 
chemical  treatments.  In  addition,  InGaAs-GaAs-AlGaAs  strained-layer  single-quantum-well 
lasers  are  treated  chemically  and  a  reduction  in  the  laser  threshold  ( 10  mA  or  14% )  is 
observed.  The  surface  treatments  are  still  effective  after  7  days.  We  also  report  the  first 
experimental  investigation  on  the  effect  of  isoelectronic  In  doping  on  the  current-voltage 
characteristics  of  Zn-diffused  lateral  p-/t  junctions.  The  trap  density  in  an  In-doped  AlGaAs 
layer  is  reduced  by  more  than  one  order  of  magnitude  compared  to  that  in  an  AlGaAs  layer 
without  In  doping.  Bulk  leakage  currents  (shunting  currents)  in  TJS  lasers  can  be  reduced  by 
using  isoelectronic  In  doping,  which  should  reduce  threshold  currents  and  improve  the 
temperature  dependence  of  TJS  lasers. 


I.  INTRODUCTION 

Transverse  junction  stripe  (TJS)  lasers  have  several  de¬ 
sirable  characteristics  which  include  low  threshold  cur¬ 
rents,'  good  output  beam  characteristics,^  and  a  single 
growth  step  on  a  semi-insulating  substrate  suitable  for  inte¬ 
gration  with  electrical  components.^'*  In  addition  to  a  con¬ 
ventional  AlGaAs  active  region,  TJS  lasers  have  been  dem¬ 
onstrated  with  single  and  multiple  quantum  wells  of 
lattice-matched  AlGaAs-GaAs  and  pseudomorphic 
InGaAs-GaAs- AlGaAs.’'*  Unfortunately,  many  laborato¬ 
ries  have  had  difficulty  fabricating  and  reproducing  high- 
quality  TJS  lasers. 

Leakage  currents  can  significantly  degrade  the  perfor¬ 
mance  of  TJS  lasers  compared  to  other  semiconductor  lasers 
owing  to  the  required  (but  often  not  achieved)  forward-bi¬ 
ased  blocking  junction  in  the  wide-gap  confining  layers.  In 
this  paper  the  role  of  surface  and  bulk  leakage  currents  are 
identified,  measured,  and  modified  to  improve  the  perfor¬ 
mance  of  TJS  lasers.  Section  II  discusses  experiments  on 
reduction  of  surface  leakage  current,  while  Sec.  Ill  discusses 

reduction  of  bulk  leakage  currents. 

> 

II.  SURFACE  LEAKAGE  CURRENTS 
A.  Introduction 

The  presence  of  a  large  density  of  surface  and  interface 
states  has  been  an  obstacle  to  the  development  of  GaAs  de¬ 
vices  with  desirable  performance.  The  Fermi-level  pinning 
greatly  increases  the  nonradiative  recombination  rate  at  sur¬ 


face  recombination  centers,  and  this  surface  recombination 
current  limits  the  performance  of  minority-carrier  devices 
such  as  lasers,  light-emitting  diodes,  and  heterojunction  bi¬ 
polar  transistors  (HBTs).  Several  approaches  have  been 
suggested  to  remove  or  reduce  surface/interface  states  in 
GaAs/ AlGaAs.’*’  One  novel  way  is  to  use  NajS  or 
(NH4)2S  chemical  treatments.  This  technique  was  em¬ 
ployed  to  dramatically  improve  the  performance  of  a  HBT 
(a  fiO-fold  increase  in  the  current  gain  was  observed  with  the 
Na2S-9H20  treatment)."*  Reductions  by  a  factor  of  3.2  in 
edge  recombination  currents  using  the  Na2S  and  (NH4  )2S 
chemical  treatments  were  obtained  for  GaAs  vertical  p-n 
homojunctions."  A  significant  improvement  in  metal-insu- 
lator-semiconductor  (MIS)  capacitance-voltage  (C-V) 
characteristics  with  the  (NH4)2S-treated  GaAs  was  ob¬ 
served,”  and  the  same  treatment  caused  a  remarkable  de¬ 
pendence  of  the  Schottky  barrier  height  on  the  work  func¬ 
tion  of  the  deposited  metals.  ”  Characterizations  of  bulk  and 
epitaxial  GaAs  treated  with  Na2S  or  (NH4  )2S  by  photolu- 
minescence  (PL),'*  surface  conductivity  technique,”  deep- 
level  transient  spectroscopy  (DLTS),'*  and  Raman  scatter¬ 
ing”  have  been  reported.  Dramatic  results  from  such 
treatments  have  been  demonstrated  including  an  increase  in 
GaAs  PL  efficiency  at  300  K  of  2800  times  using  Na2S- 
9H2O,'*  and  a  reduction  in  surface  recombination  velocity 
from  ~  10*  to  500  cm/s.'* 

In  this  section,  we  demonstrate  that  a  dramatic  surface 
leakage  current  reduction  is  possible  with  (NH4  IjS  chemi¬ 
cal  treatments  for  TJS  lasers.  ( NH4 )  2  S  was  chosen  to  avoid 
some  problems  associated  with  using  Na2S  (e.g.,  fast  aging 
in  ambient  air  and  the  introduction  of  surface  conduc¬ 
tion"  ). 
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nc.  I.  Schematic  crou  scctkm  of  a  iransvene  junciioa  stripe  (TJS)  laser. 
A  two-step  dillhsion  and  annealing  process  <Zn  diffusion  followed  by  high- 
temperature  annealing)  is  employed  and  a  portion  oftheCaAs  cap  layer  is 
etched  for  electrical  isolation. 


posited  on  a  semi-insulating  GaAsK^r  substrate.  LCTS  No.  2 
consisuof  Alo.]sGao.M  As:Si  ( I0'Vcm\  3/im,  686  X^)  and  a 
GaAs:Si  cap  layer  (2  X  10'*/cm\  0.3 pm,  627  *C)  deposited 
successively  on  a  semi-insulating  GaAs<!r  substrate.  TJS 
No.  1,  a  strained-layer  laser,  is  shown  schematicaily  in  Ing. 
3(a)  and  the  growth  and  processing  details  can  be  found  in 
Ref.  6.  TJS  No.  2,  grown  by  MOCVD,  consists  of  an 
AlaMGao,42As  lower  cladding  layer  (Te:  ~2xl0'^  3.2 
pm),  a  multiple-quantum-well  (MQW)  active  region  GaAs 
(Te:2.5X  10'*)/AlojGaa,As  (Te:  ~2X  10”)  (14 periods, 
both  layers— ISO  A),  an  Al^  itGa^tjAs  (Te: 
— 2x  lO'Vcm’,  1.1  pm)  upper  cladding  layer,  and  a  GaAs 
(Te:  2.3x10'*,  0.36  pm)  cap  layer  on  a  semi-insulating 


B.  Experimental  procedures 

After  examining  several  samples,  four  were  selected  to 
summarize  the  results  of  the  surface  passivation.  The  sam¬ 
ples  consist  of  leakage  current  test  structures  [(LCTS) 
which  are  lateral  p-n  junctions]  and  TJS  laser  structures. 
Schematic  cross  sections  of  the  completed  devices  (both  TJS 
and  LCTS)  are  shown  in  Figs.  1  and  2(a)  and  2(b),  respec¬ 
tively.  LCTS  No.  1,  No.  2,  and  TJS  No.  1  were  grown  by 
molecular-beam  epitaxy  (MBE)  and  TJS  No.  2  was  grown 
by  metalorganic  chemical  vapor  deposition  (MOCVD). 
LCTS  No.  1  consists  df  GaAs:Si  (2xl0“/cm\  1.3  pm, 
627  ’C),  an  AlAs  stop  etch  layer  (undoped,  300  A,  627  *C), 
and  a  GaAs:Si  cap  layer  (2X  10'*/cm*,  0.3pm,  627  *C)  de- 


N-Ohmle  P-Ohmie 


U) 


N-Ohfflie  P-Ohmle 


(b) 


FIG.  2.  (a)  Schematic  crust  section  ofaCaAs  leakage  current  test  structure 
(LCTS).  The  sample  undergoes  the  tame  processing  steps  at  a  TJS  laser. 
The  3(X)-A-thick  AlAs  is  used  as  a  stop  etch  layer,  (b)  Schematic  cross 
section  of  an  AlCaAs  LCTS.  Unlike  the  GaAs  LCTS  sample,  an  AlAs  stop 
etch  layer  is  not  necessary  for  this  sample.  Both  samples  are  grown  on  semi- 
insulating  GaAs  substrates. 
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HG.  3.  (a)  Schematic  diagram  of  the  layer  structure  and  composition  of 
InGaAs-GaAs-AIGaAs  strained-layer  MQW  TJS  laser.  The  0.2-/<m-thick 
active  layer  consists  of  four  QWs  and  three  AIo  TGao  j  As  barriers.  Each  of 
the  30-A-thick  Inai|Ga,tts  As  QWs  it  sandwiched  by  123  A  of  GaAs.  (b) 
Schematic  diagram  of  the  layer  structure  and  composition  of  lattke- 
matched  GaAs-AIGaAs  MQW  ( |4QWs)  TJS  laser.  The0.4-/im-thick  ac¬ 
tive  layerconsistsof  14  (l30-A-lhick)GaAs  QWs  sandwiched  by  IS  (130- 
A-thick)  Alai  Gant  As  barriers. 
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GaAs:Cr  substrate.  A  schematic  diagram  of  the  as-grown 
lattice-matched  laser  (TJS  No.  2)  is  shown  in  Fig.  3(b). 

The  diffused  p-n  junction  was  formed  as  follows.  Silicon 
nitride  (about  1S(X)  A  thick,  refractive  index  of  approxi¬ 
mately  2. 1 )  was  deposited  by  plasma-enhanced  chemical  va¬ 
por  deposition  (PECVD).  Standard  photolithography  was 
employed  to  define  stripe  patterns.  Zinc  was  diffused  into  the 
region  (SijN4  uncovered)  by  a  sealed  ampoule  technique 
(ZnAs;  as  a  Zn  diffusion  source.  As  overpressure).  The  dif¬ 
fusion  temperatures  were  fixed  at  630  *C  for  all  of  the  sam¬ 
ples.  After  the  Zn  diffusion  the  Si3  N4  was  removed  and  a 
new  Si  j  N4  layer  was  deposited  as  an  annealing  encapsulant. 
High-temperature  annealing  was  done  under  As  overpres¬ 
sure  with  the  same  sealed  ampoule  technique.  Table  I  sum¬ 
marizes  processing  conditions  used  for  the  samples  em¬ 
ployed  to  study  surface  leakage  currents.  Subsequently,  the 
Sij  N4  was  etched  away  and  a  portion  of  GaAs  cap  layer 
(about  6/im  wide)  was  etched  for  electrical  isolation.  Next, 
the  ohmic  contacts  were  deposited.  For  LOTS  No.  1  and  No. 
2.  Au-Sn-Au  ( 100  A-200  A-1000  A)  and  Cr-Au  (200  A- 
1000  A)  were  thermally  evaporated  for  n-ohmic  and  poh- 
mic.  respectively,  while  for  TJS  No.  2,  AuGe-Au  (330  A- 
1300  A)  and  Cr-Au  (200  A-1300  A)  were  thermally 
evaporated  for  n-ohmic  and  p-ohmic.  respectively.  Finally, 
the  samples  were  thinned  down  to  about  lOO/rm  and  cleaved 
into  bars  (cavity  length  of  approximately  230  pm). 

The  ( NH4 )  2  S  surface  passivation  was  applied  using  the 
following  procedure.  First,  the  samples  were  cleaned  in  a 
HCl  solution  for  20  s.  rinsed  in  de-ionized  ( DI )  water  for  20 
s.  etched  in  a  mixture  of  NH4OH  -(•  DI  water  (1:10)  for  13 
s.  and  rinsed  in  running  DI  water  for  20  s.  Then  the  samples 
were  soaked  in  the  (NH4  IjS  solution  for  up  to  10  min.  The 
samples  were  then  rinsed  with  DI  water  and  blown  dry  with 
N,. 

C.  Results  and  discussion 

Schematic  cross  sections  of  the  completed  devices  (both 
TJS  and  LCTS)  are  shown  in  Figs.  1  and  2(a)  and  2(b), 
respectively.' Current-voltage  characteristics  were  measured 
at  room  temperature  (and  extreme  care  was  taken  to  mini¬ 
mize  the  measurement  error  to  within  ±  3  mV  throughout 
this  experiment).  Plots  of  current  [Iog(/)]  versus  voltage 
( F)  both  before  and  after  the  chemical  treatments  for  LCTS 


FIG.  4.  CurTcni-voluge  characteristics  of  a  GaAs  leakage  current  test 
structure  (LCTS  No.  1)  before  and  after  the  (NH.IiS  chemical  treat¬ 
ments.  An  order  of  magnitude  less  current  flows  at  0.7  V  after  the  treatment 


No.  1,  LCTTS  No.  2,  TJS  No.  1,  and  TJS  No.  2  are  shown  in 
Figs.  4,  3, 6.  and  7.  respectively. 

The  total  forward  current  density  for  a  p-n  junction  can 
be  approximated  by  summing  the  ideal  diffusion  current 
density  and  recombination  current  density: 

7  =  701  1).  (1) 

where  and  Jgz  the  saturation  current  densities  asso¬ 
ciated  with  carrier  recombination  in  the  quasi-neutral  and 
space-charge  regions,  respectively.  The  second  term  of  the 
above  equation  accounts  for  contributions  from  both  bulk 
and  surface  recombination.  Since  an  intense  nonradiative 
recombination  occurs  at  the  perimeters  of  p-n  junctions  such 
as  cleaved  and  etched  surfaces,  surface  recombination  must 
play  an  important  role  in  determining  the  electrical  charac¬ 
teristics  and  threshold  currents  of  TJS  lasers.  In  our  samples, 
surface  recombination  occurs  where  a  portion  of  the  GaAs 
cap  layer  is  removed  for  electrical  isolation  as  well  as  where 
the  cleaved  mirrors  are  exposed  to  the  air.  These  are  the  two 
major  surface  leakage  sources  for  TJS  lasers. 

Surface  recombination  current  per  unit  length  at  the  pe¬ 
rimeter  of  a  p-n  junction  (/, )  can  be  described  as  follows'* : 


TABLE  I.  Processing  conditions  (Zn  diffusion  temperature  and  time,  annealing  temperature  and  time,  and  metal  combinations  forohmic  contacts)  used  for 
both  leakage  current  test  structure  (LCTS)  samplraand  transverse  junction  stripe  (TJS)  laser  samples  (strained-layer  MQW  TJS,  lattice-matched  MQW 
TJS,  and  conventional  TJS)  employed  to  study  surface  leakage  currents. 


Structures 

Zn  diffusion 

Annealing 

Metallization 

Temp. 

CC) 

Time 

(h) 

Temp. 

(*C) 

Time 

(h) 

n-ohmic 

/^ohmic 

GaAs  LCTS  No.  1 

650 

1.6 

900 

2.0 

Au-Sn-Au 

Cr-Au 

AIGaAsLCTSNo.2 

650 

1.6 

900 

2.0 

Au-Sn-Au 

Cr-Au 

SL  MQW  TJS  No.  1 

650 

900 

0.3 

Au-Sn-Au 

Au-Cr-Au 

MQW  TJS  No.  2 

650 

ZO 

900 

0.3 

AuGe-Au 

Cr-Au 

Conventional  TJS  No.  3 

650 

ILO 

850 

0.4 

AuGe-Au 

Cr-Au 
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FIG.  3.  Current-vohaie  characteristics  of  an  AlCaAs  leakage  current  test 
structure  (LCTS  No.  2)  before  and  after  the  (NHj)]S  chemical  treat¬ 
ments.  Note  that  there  is  almost  no  difference  in  the  /-Kcurves. 


FIG.  7.  Current-voluge  characteristics  of  lattice-matched  GaAs-AIGaAs 
MQW  TJS  laser  (TJS  No.  2 )  before  and  after  the  ( NH^ ).  S  chemical  treat¬ 
ments.  20  times  less  current  flows  at  0.9  V  after  the  treatment. 


A  =  ?(5o^.)»<  txp(.gy/2kT),  (2) 

where  n,  is  intrinsic  carrier  concentration.  So  the  intrinsic 
surface  recombination  velocity,  and  L,  the  surface  diffusion 
length.  Note  in  Figs.  4  and  S  that  LCTS  No.  2 
(Alo.jsGao.uAs)  shows  almost  no  change  with  surface 
treatment  [also  no  change  observed  with  the  MOCVD- 
grown  LCTS  sample  (Alo.j4Gao.uA.s)  (data  not  shown 
here)],  while  an  order  of  magnitude  reduction  (from 
8.5X  10"*to8.5x  10“*A)  was  measured  with  LCTS  No.  1 
(GaAs)  after  the  treatment  (at  bias  ss  0.7  V).  From  Eq. 
(2) ,  7,  is  proportional  to  the  intrinsic  carrier  concentration, 
so  we  can  roughly  calculate  the  amount  of  surface  leakage 
current  of  LCTS  No.  2  assuming  (1)  Afg  =  2x  and 
=  lO”  for  LCTS  No.  1  and  No  =  10”  and  N^  =  10”  for 
LCTS  No.  2,  (2)  the  same5oL,  and  bias  levels,  and  (3)  /, 


FIG.  6.  Current-vollage  characteristics  of  an  InGaAs-GaAs-AIGuAs 
strained-layer  MQW  TJS  laser  (TJS  No.  1 )  before  and  after  the  ( NH,  ),S 
chemkai  treatments.  An  eightfold  reduction  in  current  occurs  at  1 . 1  V  after 
the  treatment 


(GaAs)  =  8.5  X  lO"’  A  -  8.5  X  lO"*  A  =  7.75  X 10**  A 
at  0.7  V. 

Since  «,(Alu,,Gao6jAs)/n,(GaAs)=:3.5x  10“^ 
/.(AIa,5Ga„uAs)s:(3.5XlO-')X/.(GaAs)=2.7 
X  10~''  A.  This  value  is  so  small  that  surface  leakage  cur¬ 
rents  in  A]o..js  Gao.u  As  can  be  neglected  as  can  be  seen  from 
the  data  in  Fig.  5.  From  this  comparison,  the  majority  of  the 
improvement  likely  occurs  at  the  cleaved  interface  since  the 
surface  passivation  is  most  effective  on  the  GaAs  and  LCTS 
No.  1  has  a  top  p-n  junction  surface  of  AlAs. 

Surface  leakage  current  reductions  were  also  observed 
with  TJS  No.  1  and  TJS  No.  2.  After  the  treatment,  an  eight¬ 
fold  reduction  (from  8 X 10 to  10  “  *  A  at  1.1  V,  Fig.  6) 
and  around  a  20-fold  reduction  (from  5xl0~’  to 
2.5  X 10  ~  ‘  A  at  0.9  V,  Fig.  7)  in  current  were  measured  for 
TJS  No.  1  and  TJS  No.  2,  respectively.  The  greater  reduction 
in  leakage  current  for  TJS  No.  2  ( ~2.5  times)  compared  to 
TJS  No.  I  correlates  with  the  effective  perimeter  of  the  p~n 
junctions  (only  accounting  for  the  lower-energy  band-gap 
materials  such  as  GaAs  and  InGaAs)  given  that  the  perim¬ 
eter  of  TJS  No.  2  (GaAs  QW~  150  A,  150  Ax  14  =  2100 
A)  is  approximately  twice  the  perimeter  of  TJS  No.  1  ' 
(GaAs Ina„Gaa„As~300  A,  300  Ax4  =  1200  A). 

The  (NHjljS  was  also  applied  to  the  conventional 
MOCVD-grown  TJS  lasers  (TJS  No.  3)  to  determine  its 
effect  on  laser  thresholds.  The  laser  structure  with  about  a 
4000-A-thick  GaAs  active  layer  (« "^  =:3x  lO'Vcm')  un¬ 
derwent  Zn  diffusion  for  1 1  h  at  650  *C  and  annealing  for  25 
min  at  850  *C  (see  Table  I).  The  GaAs  cap  and 
Alo.jsGao.»)As  upper  confining  layer  thicknesses  of  this 
structure  were  2.4  and  2.2  fim,  respectively.  The  light-cur- 
rent  curves  for  device  No.  4  of  TJS  No.  3  before  and  after  the 
chemical  treatment  are  shown  in  Fig.  8.  A  reduction  of  15 
mA  (from  79  to  64  mA)  in  laser  threshold  was  observed. 
Other  devices  from  the  same  wafer  were  also  surface  treated 
and  similar  trends  were  obtained.  Table  II  summarizes  the 
experimental  results  for  TJS  lasers.  The  average  reduction  in 
laser  threshold  was  12  mA  (or  16%)  for  the  seven  devices 
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FIG.  8.  Light-current  char¬ 
acteristics  of  a  convention¬ 
al  TJS  laser  (TJS  No.  3.  de¬ 
vice  Na  4)  before  and  after 
the  (NH.,)]S  chemical 
treatments.  A  reduction  in 
laser  threshold  of  IS  mA  is 
obtained. 


DIodo  Curront  (mA) 


tested.  The  light  output  versus  current  (L-I)  curves  for  de> 
vice  No.  7  of  TJS  No.  3  measured  before  and  after  the  surface 
treatments  at  two  different  times  ( Tj  —  T,  —1  days,  T,  is 
several  hours  after  the  treatment)  are  shown  in  Fig.  9(a). 
Note  that  the  chemical  treatment  is  still  effective  after  7 
days.  The  effects  of  stripping  the  chemical  treatment  are 
shown  in  Fig.  9(b)  for  the  same  device  (device  No.  7). 
Curve  1  is  before  the  chemical  treatment,  curve  2  is  after  the 
treatment,  and  curve  3  is  after  stripping  the  chemical  simply 
by  dipping  the  device  in  acetone  for  about  10  min.  When  the 
chemical  was  removed  from  the  treated  device,  almost  the 
same  laser  threshold  of  the  untreated  device  was  obtained. 
The  effects  of  retreating  device  No.  7  are  shown  in  Fig.  9(c). 
Curve  1  is  before  stripping  the  chemical  from  the  device, 
curve  2  is  after  stripping  the  chemical,  and  curve  3  is  after 
retreating  the  device.  When  the  device  that  had  been 
stripped  was  treated  again,  the  same  reduction  in  laser 
threshold  was  observed.  This  experiment  confirms  that  the 
reduction  in  laser  threshold  after  the  surface  treatments  is 
really  due  to  reduced  or  removed  surface  leakage  currents 


from  laser  diodea.  Also,  note  that  a  reduction  in  laser  thresh¬ 
old  of  an  AlGaAs  laser  diode  by  the  same  chemical  treat¬ 
ments  was  observed  by  another  group.^ 

In  addition,  strained-layer  luer  diodes  were  also  surface 
treated  chemically.  A  separate  confinement  heterostructure 
single-quantum-well  (SCH  SQW,  40-A-thick  InQ}Gao,As 
QW  sandwiched  between  4S0-A-thick  GaAs)  laser  struc¬ 
ture  was  grown  by  MBE,  and  a  spin-on-glass  film  was  em¬ 
ployed  to  define  stripes  (stripe  width  ~6/im).  The  size  of 
the  completed  devices  was  2(X)  X  2S0^m^.  The  /.-/curves  for 
device  No.  6  before  and  after  the  chemical  treatment  are 
shown  in  Fig.  10.  A  reduction  of  8  mA  in  laser  threshold  was 
obtained.  Curves  1  and  2  are  before  the  surface  treatments  at 
two  different  times  ( T,  —  T,  =2  days),  and  curve  3  is  after 
the  treatment.  The  fact  that  almost  the  same  L-I curves  were 
obtained  before  the  treatments  at  two  different  times  demon¬ 
strates  that  the  data  obtained  here  were  not  due  to  reproduc¬ 
ibility  errors.  The  experimental  results  for  the  strained-layer 
laser  diodes  are  summarized  in  Table  II.  The  average  reduc¬ 
tion  was  10  mA  (or  14% )  for  the  six  devices  tested.  L-I  data 
for  devices  No.  1,  No.  3,  and  No.  4  were  measured  after  the 
treatments  at  two  different  times  ( Tj  —  T,  ss  6  days,  T^  is 
several  hours  after  the  treatment,  data  not  shown  here). 
Again,  as  in  the  case  of  the  lattice-match^  TJS  lasers  [see 
Fig.  9(a)  ],  the  /.-/curves  remained  unchanged  after  6  days. 
The  effects  of  aging  and  the  effects  of  stripping  and  retreat¬ 
ing  a  strained  layer  laser  (device  No.  2)  are  shown  in  Figs. 
11(a)  and  11(b).  Again,  the  reduction  in  laser  threshold 
(this  time  using  a  strained-layer  laser)  is  due  to  surface  leak¬ 
age  current  reduction  or  removal,  and  after  dipping  the  sur¬ 
face  treated  device  in  acetone  for  around  30  min,  the  thresh¬ 
old  current  returned  to  nearly  the  untreated  value. 

III.  BULK  LEAKAGE  CURRENTS 
A.  Introduction 

The  presence  of  bulk  leakage  currents  is  recognized  as  a 
significant  factor  in  the  initial  performance  and  in  the  subse¬ 
quent  deterioration  in  the  performance  of  both  electronic 
and  optoelectronic  devices.  The  electrical  and  optical  prop¬ 
erties  of  GaAs  and  AlGaAs  epitaxial  layers  are  critical  for 


TABLE  11.  Improvements  ( A/,„  and  %)  in  laser  thresholds  of  conventional  TJS  lasers  and  strained-layer  SQW  lasers  by  the  (NH,  ).S  treatments. 
( Before)  and  f,^  (After)  denote  threshold  currents  beture  and  after  the  chemical  treatments,  respectively. 


Laser  types 

Threshold 

current 

No.  I 

No.  2 

No.  3 

No.  4 

No.  5 

No.  6 

No.  7 

Conventional  TJS  lasers 

/,k(  Before) 

68 

76 

75 

79 

79 

79 

77 

(TJS  No.  3) 

/,k  (After) 

53 

66 

64 

64 

71 

68 

64 

A/.,' 

-  15 

-  10 

-  11 

-  15 

-8 

-  11 

-  13 

22 

13 

15 

19 

10 

14 

17 

InCaAs-CaAs- AlGaAs 

/,k(  Before) 

68 

73 

65 

71 

70 

60 

SQW  strained-layer 

/,» (After) 

57 

63 

55 

62 

60 

52 

laser  diodes 

A/.» 

-II 

-  10 

-10 

-9 

-  10 

-8 

% 

16 

14 

15 

13 

14 

13 

*  A/,»  »  (After)  - 1,„  (Before). 
-  (|A/.»l//,»(Before) J X 100. 
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Light  Output  (Arb.  Unite)  g  Light  Output  (Arb.  Units)  £  Light  Output  (Arb.  UMt^ 
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FIG.  10.  Lighl-cvmal 
ciwvci  for  laGaAt'OaAs- 
AIGaAs  SQW  stnined- 
bycr  iMcr  diode  (device 
No.  6).  The  fact  that  the 
same  laser  thresholds  am 
obtained  at  two  difcrent 
timet  (T,  —  T,  >2  days) 
before  the  treatment  dem¬ 
onstrates  that  the  reduction 
in  laser  threshold  is  not  due 
to  measurement  errors.  A 
reduction  of  8  mA  in  laser 
threshold  is  obtained  after 
the  treatment. 


Diodo  Curront  (mA) 


0  80  H  70  100 
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FIG.  9.  (a)  Light-current 
charactcristies  overlapped 
for  conventional  TJS  laser 
(TJS  Na  3,  device  No.  7) 
befiNc  and  after  the 
(NH4)]S  chemical  treat¬ 
ments.  A  reduction  of  13 
mA  in  laser  threshold  is  ob¬ 
tained.  There  b  almost  no 
dilTerence  in  laser  thresh¬ 
olds  measured  at  two  dif¬ 
ferent  times  (Ti—T,  ml 
days)  after  the  treatments, 
(b)  Light-current  charac¬ 
teristics  for  the  same  device 
as  shown  in  (a).  After 
stripping  the  chemical  in 
acetone  for  ~  10  min,  the 
same  laser  threshold  of  the 
untreated  device  is  ob¬ 
tained.  (c)  Light-current 
characteristics  for  the  same 
device.  After  stripping  and 
retreating,  the  same  reduc¬ 
tion  is  obtained. 


FIG.  II.  (a)  Light-current 
curves  for  a  strained  laser 
( device  No.  2 ).  The  chemi¬ 
cal  reduces  laser  threshold 
by  10  mA.  The  same  laser 
thresholds  are  measured  at 
two  different  times 
( Tj  —  r,  «  6  days)  after 
the  treatment.  After  strip¬ 
ping  the  chemical  in  ace- 
tonefor  —30  min,  the  same 
laser  threshold  of  the  un¬ 
treated  device  is  obtained, 
(b)  Light-current  curves 
for  the  same  device  (device 
No.  2).  After  stripping  and 
retreating,  the  same  reduc¬ 
tion  b  obtained. 


(e)  Diodd  Currant  (mA) 


(b)  Diotte  Currtnt  (mA) 
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high  perfonniiice  of  dectronic  and  optoelectronic  devices, 
but  these  properties  cm  be  dtmiinated  by  deep  levels  in  the 
epitaxial  layers.  The  presence  of  deep  tevels  has  led  to  persis¬ 
tent  photoconductivity  effects  in  high  electron  mobility 
transistors  (HEMT)  at  low  temperatures^'  and  high  thresh¬ 
old  currents  in  semiconductor  lasers.^^^  Several  ap¬ 
proaches  have  been  suggested  to  reduce  deep  levels  in  GaAs 
and  AlCaAs  epitaxial  layers.  One  approach  is  to  use  m  isoe- 
kctronic  doping  technique.  Incorporation  of  small  amounts 
o(  In  or  Sb  has  been  shown  to  reduce  deep-level  concentra¬ 
tions  in  liquid-encapsulated  Czochralski  (LEG)  GaAs  bulk 
crystals.”  and  in  liquid-phase  epitaxy  (LPE)  grown 
GaAs.**  Also  reported  was  that  the  addition  of  In  (0.2%- 
1.2%)  to  GaAs  grown  by  MBE  reduces  the  trap  concentra¬ 
tions  from  1-4 X  lO'Vcm*  to  the  order  of  1 X  lO'Vcm*.** 
and  that  isoelectronic  In  and  Sb  doping  (up  to  7%)  reduces 
deep-level  trap  concentrations  in  Si-doped  n-GaAs  grown  by 
MBE”  MBE  AIGaAs  alloys  with  low  densities  of  point 
defects  (deep  levels  less  thM  2x  lO'Vcm*)  have  been  pro¬ 
duced  by  using  Sb  doping.**  More  recently,  the  structural 
and  electrical  contact  properties  of  LPE-grown  GaAs  doped 
with  In  were  reported  to  have  improved  Schottky  diode 
characteristics.** 

The  presence  of  shunting  currents  (current  paths 
through  the  AIGaAs  confining  layers)  has  been  recognized 
as  a  primary  cause  of  high  threshold  currents  in  TJS  lasers. 
The  ratio  of  the  current  through  active  layer  (/^ )  to  that 
through  confining  layer  (,1c)  can  be  expressed  by*** 


where  d  is  the  active  layer  thickness.  fV  is  the  combined 
thickness  of  the  two  confining  layers  ( IP  s  IP,  +  IP, ,  see 
Fig.  12).  k  is  Boltzmann’s  constant,  and  A£,  is  the  efiective- 
energy  band-gap  difference  between  the  active  Md  confining 
layers.  A£,  is  given  by*' 

A£,  =  (kT/q)  ln(y,  //,  )  -  (J, R,  -  JjRj  ),  (4) 

where  J,  Md  are  the  current  densities  that  flow  through 
each  junction.  /I,  Md  Aj  are  the  series  resistances  between 
the  electrodes  for  the  unit  area  of  each  junction,  Md  I  Md  2 
denote  the  GaAs  p-n  homojunction  (active  layer)  Md  the 
AIGaAs  p-n  homojunction  (confining  layer,  see  Rg.  12), 
respectively.  From  the  above  equations,  the  layer  thick¬ 
nesses,  the  A1  compositions,  Md  the  doping  densities  of  each 
layer  cm  be  optimized  to  design  a  TJS  laser  with  a  low  laser 
threshold.  However,  a  lot  of  shunting  currents  still  exist  due 
to  the  large  number  of  traps  associated  with  the  AIGaAs 
confining  layers. 

As  shown  in  Fig.  12,  TJS  lasers  cm  be  modeled  as 
AIGaAs  p-n  junctions  (confining  layers)  Md  a  GaAs  p-n 
junction  (active  layer)  connected  in  parallel.  To  simulate 
the  active  Md  confining  layers  of  a  TJS  laser,  leakage  current 
test  structures  (lateral p-n  junctions)  are  introduced.  In  or¬ 
der  for  TJS  lasers  to  have  low  laser  thresholds  (with  shunt¬ 
ing  currents  reduced  or  removed),  the  AIGaAs  junctions 
should  remain  off,  while  the  GaAs  junction  is  on  at  operat¬ 
ing  bias  levels.  The  problems  associated  with  m  AIGaAs  p-n 
homojunction  are  illustrated  in  IHg.  13.  Even  though  the 
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FIG.  12.  Currcni  flow  model  of*  TJS  bierconsisiingora  GaAs homo- 
junction  (active  layer)  and  AIGaAs  p-m  homojunctions  (confining  layers) 
connected  in  parallel.  Resistance  of  the  layers  is  not  shown. 

( 

AIGaAs  have  a  higher-energy  bMd  gap  than  the  GaAs,  they 
exhibit  nearly  the  same  tum-on  voltages  once  they  are  pro¬ 
cessed  into  lateral  p-n  junctions.  The  objective  is  to  find  a 
way  to  increase  the  tum-on  voltage  of  the  AIGaAs  p-n  ho¬ 
mojunction  relative  to  the  GaAs  [iMg.  13(a)]. SimilM  tum- 
on  voltages,  as  shown  in  Fig.  13(b),  have  been  obtained  from 
(1)  Alo.osGflaa2^  (>>*)  ^  AlajsGao.*sAs  (undoped), 
both  MOeVD  grown  on  undoped  GaAs  substrates  (data 
not  shown  here),**  and  (2)  Ala,,Gao:t«As  (a'’'  ~2xl0'*) 
Md  Alg^MGa^MAs  (undoped),  both  M(X^VD  grown  on 
Cr-doped  GaAs  substrates  (data  not  shown  here).** 

In  this  section,  we  report  the  electrical  characterization 
ofZn-diflused  lateral  p-n  junctions  with  Md  without  In  dop¬ 
ing  Md  demonstrate  that  deep  level  concentrations  in  the 
AIGaAs  layer  with  Zn-diffused  lateral  p-n  junctiems  are  re¬ 
duced  by  more  than  mie  order  of  magnitude  with  isoelec¬ 
tronic  In  doping. 

B.  Experinwntai  proc«dur»> 

For  this  experiment,  three  samples  were  grown  by  mo¬ 
lecular-beam  epitaxy  (VariM  360).  The  samples  consist  of 
leakage  current  test  structures  (LOTS,  which  are  lateral  p-n 
junctions).  LOTS  No.  1  consists  of  <3aAs:Si  (2X  10'*/cm*, 
l.S pm,  627  *C),  M  AlAs  stop  etch  layer  (und(^)ed,  3(X)  A. 
627^),  Md  a  GaAsrSi  cap  layer  (2X  10'*/cm*,  0.S  /im, 
627  *C)  deposited  on  a  semi-insulating  GaAsiCr  substrate. 
LCTS  No.  2  consbts  of  Al^iyGaoM  AsrSi  ( 10' Vcm*.  3  pm, 
686  *C)  Md  a  GaAsrSi  cap  layer  (2XlO'*/cm*,  0.S  pm, 
627  *C)  deposited  successively  on  a  semi-insulating 
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te)  (b) 

FIG.  I},  (a)  Ideal  cumnt-vollage  curves  for  lateral  p-n  junctioiis.  An 
AIGaAs^ff  junction  should  show  a  higher  tum-on  voltage  than  a  GaAs  p-n 
junction,  (b)  ActualZ-KcurvesforGaAsand  AIGaAs pn  junctions  show¬ 
ing  the  same  tum-on  voltages.  This  often  oecuis  in  many  TJS  lasers. 
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GaAs:Cr  substrate.  LCTS  No.  3  consists  of 
A]oj5Gao.»)As:Si  (lO'Vcm',  ifim,  686  *C)  doped  with  In 
( ~  I  at.  % )  and  a  GaAsrSi  cap  layer  ( 2  X 10' Vcni\  0.5  nm, 
627  *C)  deposited  on  a  semi-insulating  GaAs:Cr  substrate. 

The  same  processing  steps  as  described  in  Sec.  II  B  were 
performed.  Zn  was  diffused  for  I  h  and  IS  min  at  630  *C  for 
all  samples.  The  samples  were  annealed  for  20  min  at  830  *C. 
Two-step  diffusion  and  annealing  processes  were  optimized 
for  LCTS  No.  I  and  No.  2  to  have  Zn  diffusion  fronts  close  to 
the  substrate.  Next,  the  ohmic  contacts  were  deposited.  Au- 
Ge/Au  (330  A-ISOO  A)  and  Cr-Au  (200  A-1300  A)  were 
thermally  evaporated  for  n-ohmic  and  p-ohmic,  respective¬ 
ly.  Finally,  the  samples  were  thinned  down  to  KX)  ftm  and 
cleaved  into  bars  (cavity  length  of  about  230 /im). 

C.  Results  and  discussion 

The  objective  of  this  study  was  to  find  ways  to  reduce  the 
bulk  leakage  currents  (shunting  currents)  in  Zn-diffused 
lateral  junctions  in  order  to  improve  the  laser  thresholds 
and  the  temperature  dependence  of  the  laser  thresholds.  For 
this  experiment,  different  background  doping  concentra¬ 
tions  are  used  for  GaAs  (Si:  2x  10'Vcm\  LCTS  No.  1 )  and 
AlossGaassAs  (Si:  10'Vcm\  LCTS  No.  2  and  No.  3)  to 
simulate  the  active  and  confining  layers  of  TJS  lasers,  respec¬ 
tively. 

Cross  sections  of  the  completed  devices  are  the  same  as 
those  of  devices  described  in  Sec.  II  B  and  a  schematic  dia¬ 
gram  is  shown  in  Fig.  2.  Current-voltage  characteristics  for 
the  samples  were  measured  both  at  room  temperature  and  at 
77  K.  Current-versus-voltage  data  for  the  samples  at  room 
temperature  and  at  77  K  are  shown  in  Figs.  14  and  13,  re¬ 
spectively.  Zn-diffused  junction  depths  (Xj )  were  measured 
tobe  l.3yumforLCTSNo.  1,2.6/rmforLCTSNo.  2,and  1.3 
fixn  for  LCTS  No.  3.  Ideality  factors  (n,  at  room  tempera¬ 
ture)  were  measured  to  be  2.03  for  LCTS  No..  1,  2.00  for 
LCTS  No.  2,  and  1.98  for  LCTS  No.  3  for  the  linear  regions 
shown  in  Fig.  14. 

LCTS  No.  2  and  No.  3  were  also  characterized  by  77-K 
photoluminescence  to  compare  the  optical  properties  of 
AIGaAs  and  In-doped  AlGaAs.  Full  widths  at  half  maxi¬ 
mum  (FWHMs)  of  117  and  71  meV  were  obtained  for 
AIGaAs  and  In-doped  AIGaAs,  respectively.  This  reduc¬ 
tion  in  FWHM  indicates  that  the  optical  quality  of  /i-doped 
AIGaAs  can  be  improved  by  the  addition  of  In(  ~  1  at.  %) 
to  the  AIGaAs  layer  (see  also  Ref.  34). 

In  addition,  the  incorporation  of  In  (~1  at.  %)  in 
MBE-grown,  Si-doped  AIGaAs  seems  to  slow  the  Zn  diffu¬ 
sion.  The  same  slow  Zn  diffusion  was  also  experienced  for 
MBE-grown  a  TJS  laser  Structure  with  In-doped  (~1 
at.  %)  AIGaAs  confining  layers  (data  not  shown  here). 
Slow  Zn  diffusion  in  In-doped  AIGaAs  might  be  explained 
in  terms  of  increased  Si  incorporation  by  the  addition  of  In  to 
Si-doped  AIGaAs  during  the  materials  growth.  Increased  Si 
incorporation  by  the  addition  of  In  to  Si-doped  GaAs  has 
been  previously  reported.^* 

For  Ap*-n  junction,  the  total  forward  current  can  be 
approximated  by  summing  the  diffusion  current  and  recom¬ 
bination  current  and  expressed  as  follows:^ 


FIG.  14.  Current. voltage  characteristics  measured  at  room  temperature  for 
three  leakage  current  test  structures.  Improvement  in  the  turn.on  voltage 
bytheadditionofinin  the  AIGaAs  layer  (LCTS  No.  3)  is  shown.  However. 
forGaAs  LCTS  No.  1  and  AIGaAs  LCTS  No.  2  the  turn-on  voltages  are  the 
same. 


where  q  is  electric  charge,  is  the  diffusion  coefficient  for 
holes  (minority  carriers),  is  the  minority-carrier  lifetime, 
n,.  is  the  intrinsic  carrier  concentration,  is  the  donor  im¬ 
purity  concentration,  k  is  Boltzmann’s  constant,  T  is  the 
absolute  temperature.  If' is  the  depletion  region  width,  a  is 
the  capture  cross  section,  v,,,  is  the  thermal  velocity,  and  N, 
is  the  trap  density.  The  equilibrium  hole  concentration  in  the 
n-type  semiconductor  is  and  the  equilibrium  electron 
concentration  in  the p-type  semiconductor  is  n^.  Equation 


RG.  13.  Current'voluge  characterisiics  measured  at  77  K  for  the  same 
leakage  current  test  structures  as  shown  in  Fig.  14.  An  improvement  in 
turn-on  voltage  observed  by  the  incorporation  of  In  in  AIGaAs  in  Fig.  14  is 
seen  for  AIGaAs  without  In  doping  ( LCTS  No.  2 )  with  a  reference  to  GaAs 
(LCTS No.  I). 
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(3)  assumes  thaip^  is  much  greater  than  aiul  that  Kis 
greater  than  KT /q.  The  first  term  of  Eq.  (3)  is  the  ideal 
diffusion  term  while  the  Sk.cond  term  is  the  recombination 
term.  The  ideality  factors  for  all  of  the  samples  are  approxi¬ 
mately  2  as  would  be  expected  for  wide  band-gap  semicon¬ 
ductors  like  GaAs  or  AlGaAs,  so  the  recombination  current 
dominates  the  diffusion  current  Since  the  recombination 
current  dominates,  the  first  term  of  Eq.  (3)  can  be  neglected 
and  the  total  forward  current  can  be  approximated  as  fol¬ 
lows: 

J,»{,qWn')<n,^fi,n,txp(qVnkT).  (6) 

Thus,  any  differences  injunction  characteristics  can  be  eval¬ 
uated  by  studying  the  prefactors  in  Jf.  W  and  n,  can  be 
calculated  given  that  the  acceptor  (Zn)  concentration  for 
sample  No.  1.  No.  2,  and  No.  3  is  assumed  to  be  around 
10' Vcm^  and  that  the  forward  biases  needed  to  have  a  for¬ 
ward  current  (/^ )  of  lOfiA  are  0.843, 0.843,  and  1 .092  V  for 
LCTS  No.  1,  No.  2.  and  No.  3,  respectively  (from  Fig.  14). 
An  improvement  of  0.247  V  in  tum-on  voltage 
(AKp  =  1.092  —  0.843  =  0.247  V,  where  is  the  tum-on 
voltage)  was  obtained  from  Fig.  14.  Forward  current  (If)  is 
the  product  of  forward  current  density  (Jf)  and  junction 
cross  section  (Aj ),  and  Aj  is  the  product  of  cavity  length  (L, 
230  ^m)  and  junction  depth.  The  built-in  potentials  ( Fg, 
from  Table  III )  are  calculated  to  be  1 .468  V  for  LCTS  No.  1 
and  1.804  V  for  LCTS  No.  2  and  No.  3,  so  the  use  of  deple¬ 
tion  approximation  is  justified  for  the  forward-bias  levels 
considered  above.  Table  III  summarizes  measured  and  esti¬ 
mated  or  calculated  parameters  used  to  compare  Irap  densi¬ 
ties  in  LCTS  No.  2  and  No.  3. 

The  following  assumptions  are  made  in  comparing  N,  of 
LCTS  No.  2  and  No.  3: 

( 1 )  Bulk  recombination  current  dominates  surface  re¬ 
combination  current. 

(2)  The  product  of  a  and  is  the  same  for  all  of  the 
samples. 

(3)  Strain  effect  introduced  by  doping  Alo.33Gao.MAs 
with  In  (1%X  for  LCTS  No.  3  can  be  neglected. 

(4)  p-n  junctions  are  one-sided  step  junctions  since 
junction  depths  are  normally  shorter  than  3  /im  (shallow 
junctions  in  our  case). 


(5)  TheShockley-Read-Hall  (SRH)  model  (single en¬ 
ergy  level  for  a  trap)  can  be  used  as  an  approximation  in  low- 
level  injection. 

After  some  straightforward  algebra,  the  following  is 
tained: 

A^,(LCTS  No.  2) 

— - aSO.  (7) 

Af,(LCTS  No.  3) 

The  above  result  means  that  isoelectronic  In  doping  can  re¬ 
duce  the  trap  density  in  Alo3,Gao.MAs  (Si;  lO'Vcm’)  by 
more  than  one  order  of  magnitude. 

The  dramatic  reduction  of  tfap  density  in  the  AlGaAs 
layer  (confining  layer  of  TJS  laser)  by  isoelectronic  In  dop¬ 
ing  might  imply  that  the  threshold  current  of  a  TJS  laser  can 
be  reduced  in  a  rather  dramatic  fashion,  too.  As  shown  in 
Figs.  14  and  IS,  about  20  times  less  current  flows  in  LCTS 
No.  2  (AlGaAs)  than  in  LCTS  No.  1  (GaAs)  at  77  K  (from 
10~*  to  6x  10"  ’  A  at  1.27  V),  while  there  is  almost  no 
difference  in  current  flows  in  both  samples  at  room  tempera¬ 
ture.  This  can  explain  why  such  low  threshold  TJS  lasers  are 
obtained  at  77  K  even  if  they  do  not  lase  at  room  temperature 
(data  not  shown  here).^^  As  temperature  increases,  the 
leakage  current  dominates  current  flow  in  the  wide  band-gap 
junction.  Shunting  currents  as  much  as  20  times  the  active 
region  current  can  be  present  during  room-temperature  op¬ 
eration  resulting  in  an  elevated  threshold  current  by  a  simi¬ 
lar  factor.  In  Fig.  14,  at  room  temperature,  LCTS  No.  3 
shows  ideal  characteristics  (much  higher  tum-on  voltage  in 
comparison  to  the  other  structures)  observed  with  LCTS 
No.  2  only  at  77  K.  As  a  result,  shunting  currents  can  be 
reduced  in  a  dramatic  fashion  by  isoelectronic  doping  in 
AlGaAs  confining  layers  (reducing  trap  density  and  in¬ 
creasing  the  tura-on  voltage  of  the  AlGaAs  p~n  homojunc¬ 
tion). 

Based  on  the  recently  demonstrated  GaAs-AlGaAs  lat¬ 
tice-matched  and  InGaAs-GaAs-AlGaAs  strained-layer 
MQW  TJS  lasers  and  the  above  arguments  on  shunting  cur¬ 
rents  of  TJS  lasers,  we  anticipate  that  a  further  reduction  in 
the  threshold  current  of  TJS  lasers  is  possible,  making  these 
lasers  more  desirable  for  integrated  optoelectronic  circuits 
(lOECs). 


TABLE  III.  Measured  and  estimated  or  calculated  parameien  used  to  compare  trap  densities  in  leakage  current  test  structures  (GaAs,  AlGaAs,  and 
AlGaAs  -t-  In). 


Parameters 

GaAs 

LCTS  No.  1 

AlGaAs 

LCTS  No.  2 

AlGaAs(  +  In) 

LCTS  No.  3 

Xy(/im) 

1.3 

2.6 

1.3 

L(/tm) 

230 

250 

230 

n 

2.03 

2.00 

1.98 

AtgCSi,  era"') 

2X10'* 

10” 

10” 

cm-’)* 

lO” 

10'* 

10'* 

<»,(cm**)* 

2.46X10* 

863 

863 

I'vCV)* 

1.468 

1.804 

1.804 

K(V)  at  -  to  /lA 

a843 

0.843 

1.092 

IP(cm)*  at  Ir  >  10  M 

2.33x10-* 

1.13x10-’ 

9.76X10-* 

*  Estimated  or  calculated  values. 
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IV.  SUMMARY 

Surface  treatments  (NH*  )jS  have  been  demonstrat¬ 
ed  that  reduce  surface  leakage  currents  in  current  injection 
lasers.  After  the  treatments,  around  20  times  less  current 
from  current-voltage  characteristics  has  been  measured  with 
GaAs/AlGaAs  multiple-quantum-well  TJS  lasers  at  an  ap¬ 
plied  voluge  of  0.7  V.  The  laser  thresholds  of  lattice- 
matched  TJS  lasers  have  been  reduced  by  12  mA  (or  16%) 
after  the  chemical  treatments.  Also.  InGaAs-GaAs- 
AIGaAs  strained-layer  single-quantum-well  stripe-geome¬ 
try  lasers  using  spin-on-glass  film  for  stripe  definition  have 
been  treated  chemically  and  a  reduction  in  the  laser  thresh¬ 
old  of  10mA  (or  14%)  has  been  observed.  The  surface  treat¬ 
ments  have  been  effective  for  6-7  days,  but  more  detailed 
lifetime  studies  are  still  necessary. 

The  strong  temperature  dependence  of  TJS  laser  thresh¬ 
olds  can  be  explained  by  bulk  leakage  currents  in  TJS  lasers, 
so  the  quality  of  the  AIGaAs  confining  layers  is  very  impor¬ 
tant  to  TJS  lasers.  We  have  also  demonstrated  that  the  idea 
of  isoelectronic  In  doping  of  AIGaAs  can  be  applied  to  re¬ 
ducing  the  bulk  leakage  currents  in  Zn-diffused  lateral  p~n 
junctions.  The  use  of  this  technique  is  suggested  to  improve 
the  laser  thresholds  and  temperature  dependence  of  TJS  la¬ 
sers. 
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niotoliiiniiiesoence  characteristics  ct  unifMmly  sUkon-  and  beryllium-doped  pseudomorphic 
InOaAs-OaAs-AlGaAs  single-  and  multiple-quantum-well  heterostnictures  grown  by 
mdecttlar-beam  epitaxy  are  studied.  Red  shifts  in  the  photolumineacence  peaks  are  obtained 
from  uniformly  silicon-<kq)ed  single-quantum-wdl  samples  with  respect  to  undented 
samples.  Uniformly  beryllium-doped  InGaAs-GaAs  multiple  quantum  wells  totally  intermix 
during  materiab  growth.  Also,  tte  effect  <»i  laser  performance  (laser  thresholds  and 
emission  spectra)  by  silicon  do|mg  is  demonstrated  with  an  InGaAs-GaAs-AlGaAs 
strained-layer  laser  (grown  by  mokcular-beam  epitaxy)  with  a  heavily  siliom-dcqied  quantum 
well.  The  low  laser  threshold,  kink  in  light  versus  current,  shift  in  emission  wavelength, 
and  two  emission  peaks  are  observed,  and  these  characteristics  are  believed  to  be  due  to  heavy 
silicon  doping.  , 


I.  INTRODUCTION 

Strained-layer  InGaAs-GaAs-AlGaAs  current  injec¬ 
tion  lasers  have  been  extensively  investigated  in  recent 
years.  For  example,  a  low  thr^old  current  InGaAs 
strained-layer  ridge  waveguide  laser'  operating  at  1  ftm 
and  a  high-power  phase-locked  InGaAs  strained-layer  la¬ 
ser  array^  with  an  emission  wavelength  of  1.03  /xm  have 
been  reported.  Our  group  has  recently  reported  the  mate¬ 
rials  growth,  materids  characterizatirm,  d^ce  fabrication, 
device  results,  and  modeling  of  strained-layer  InOaAs- 
OaAs-AlOaAs  phetopumped  and  current  injection  quan¬ 
tum-well  (QW)  lasen.^  These  experimental  reports  dem¬ 
onstrate  that  as  with  the  GaAs-AlGaAs  lattice-matched 
system,  desirable  characteristics  (low  threshold  current, 
high-power  operation,  etc.)  are  passible  with  InGaAs 
strained-layer  quantum-well  lasers. 

Previous  research  efforts  have  focused  on  undoped 
InGaAs  quantum-well  heterostnictures.  Recently,  both  ex¬ 
perimental  and  theoretical  evidence  have  indicated  that 
doping  the  quantum  wells  in  a  semiconductor  laser  can 
improve  laser  performance.  These  improvements  include 
reducing  the  laser  threshold  and  noise  enhancement  factor 
with  n-type  doping  (InGaAs/InP),*  and  increasing  the  re- 
laxaticm  osdllatitm  comer  frequoicy  and  3-dB  cutoff  fre¬ 
quency  with  p-type  doping  (InGaAs/AlGaAs  on  GaAs 
and  InGaAs/lnAlAs  on  InP,  or  GaAs/AlGaAs).’’*  Also, 
the  enhanced  carrier  collecting  capabOity  of  a  degenerately 
Sn-doped  GaAs  quantum  well  due  to  positive  donors  that 
attract  the  photoexcited  electrons  was  reported.^  In  addi¬ 
tion,  threading  dislocations  have  been  reported  to  have  less 
effect  on  GaAs/AIGaAs  multiple-quantum-well  (MQW) 
structures  with  doped  QWs  than  on  those  with  undoped 
QWs.* 

In  this  paper  we  present  the  photoluminescence  char¬ 
acteristics  of  n-  and  p-type  pseudomorphic  InGaAs-GaAs- 
AlGaAs  single-  and  multiple-quantum-well  heterostruc- 
tures  and  injection  laser  results  from  an  InGaAs-GaAs- 
AlGaAs  single  quantum  well  (SQW)  with  heavy  Si 
doping. 


IL  EXPERIMENT 

A.  PhototaiminMcence  aamplM 

All  of  the  photqpumped  laser  samples  used  in  this 
study  were  grown  by  molecular-beam  epitaxy  (MBE, 
Varian  360).  Pseudomorphic  single-quantum-w^  (SQW) 
or  multiple-quantum-well  (MQW)  laser  samides  for  pho- 
topumi^g  were  grown  as  follows.  A  O.S-^-thick  un¬ 
doped  Ala3Gaa7As  lower  confining  layer  was  deposited  on 
a  lOO^ented  GaAs  (it  s  3  X  lO'*,  Si)  substrate.  For  the 
SQW  samples,  an  active  region  consisting  of  a  angle 
InxGai.xAs  quantum  weU  (undoped.  Si  doped,  or  Be 
doped)  sandwkdied  between  4S0-A-tbick  undoped  GaAs 
barriers  was  dqtosited.  For  the  MQW  samples,  the  active 
region  consists  ci  four  In^Gsi.^r^  QWs  (undoped.  Si 
doped,  or  Be  doped)  separated  by  6(X)-A-tluck  u^oped 
GaAs  barriers.  The  growth  conditiems  used  for  the  SQW  or 
MQW  samples  such  as  In  flux  and  Si  or  Be  cell  tempera¬ 
tures  are  given  in  Table  I.  Hnally,  a  0.5-^m-thick  undoped 
tqp  confining  layer  ci  Alo_iG9Q:jAs  was  deposited.  The 
lower  AlGaAs  confining  layer  was  grown  at  686  *C  f<fi- 
lowed  by  a  stop  growth  (around  4  min  under  As  overpres¬ 
sure)  during  which  the  temperature  was  lowered  to  SM  *C 
to  deposit  the  active  r^on.  The  top  confining  layer  was 
grown  while  ramping  the  temperature  up  to  686  *C. 

In  preparation  for  77-K  photoluminescence  (PL)  mea¬ 
surements,  small  sections  of  the  samples  were  pressed  into 
a  layer  of  indium  on  a  copper  plug’  and  cooled  to  77  K  in 
a  liquid-nitrogen  dewar.  An  argon  laser  beam  (A  =  S14S 
A)  was  focused  on  the  sample  surface,  and  the  lumines¬ 
cence  was  measured  using  a  O.S-m  spectrometer  and  a 
cooled  S-1  photomultiplier. 

B.  Laser  diodes 

The  growth  conditions  for  the  laser  structure  were  as 
follows.  First,  a  l-fxm-thick  GaAs  buffer  layer  (n  =  2 
X  10'Vcm^  Si)  was  deposited  on  a  100-oriented  GaAs 
(ii  s  3  X  10",  Si)  substrate  at  627  *C  followed  by  a 
I.S-/xm-thick  Alo.35Gao.«sAs  confining  layer  (n  lO",  Si). 
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tially  on  the  tame  day  under  identical  conditions  to  insure 
the  highest  degree  of  repeatability  possible.  Structures  18, 
19,  and  20  are  SQW  samples,  whereas  structure  27  is  a 
MQW  sample. 

The  InGaAs  bulk  samples  were  employed  to  calibrate 
the  net  carrier  concentration  versus  Ts  or  for  the 
InOaAs  QWs.  The  room-temperature  Hall-measurement 
results  and  growth  conditions  used  (In  flux  and  or 
T-b.)  for  the  six  InGaAs  bulk  layers  (1  or  3.4  fim  thick) 
grown  on  semi-insulating  GaAs  substrates  are  summarized 
in  Table  II.  The  growth  temperature  for  the  samples  was 
fixed  at  SSO  *C  and  the  growth  rate  was  3.6  A/s.  Experi¬ 
mental  data  on  the  net  carrier  concentration  versus  Tsi  or 
Tbc  have  been  reported  for  n-  or  p-doped  Ino.s3Gao.47As  on 
InP  substrate, but  not  for  an  n-  or  p-doped  InGaAs  lat¬ 
tice  mismatched  to  GaAs  substrate.  Thus,  the  data  pre¬ 
sented  here  should  be  useful  for  the  design  of  InGaAs 
strained-layer  lasers  with  doped  QWs  assuming  that  allow¬ 
ances  are  made  in  regard  to  the  incorporation  rate  versus 
strain  and  carrier  trapping  due  to  defects  from  the  lattice 
mismatch. 

The  InGaAs  bulk  layers  on  GaAs  substrates,  undoped 
and  heavily  Be-doped  (Be:  approximately  4.4  x  lO'*, 
9-1103F),  were  characterized  by  both  PL  and  x-ray  dif¬ 
fraction.  The  fact  that  the  In  compositions  of  undoped  and 
Be-doped  bulk  samples  with  the  same  In  flux  (2.0 
X  10~^  Torr)  measured  from  x-ray  diffraction  were  both 
18%,  demonstrates  that  the  doping  effect  on  the  PL  peak 
shifts  observed  in  this  study  is  due  to  doping  the  QWs  and 
not  due  to  material  growth  problems  such  as  In  concen¬ 
tration  variations  during  the  InGaAs  QW  growth.  The 
77-K  PL  peak  at  9650  A  was  obtained  for  the  undoped 
InGaAs  bulk  sample.  An  In  composition  of  15%  is  ob¬ 
tained  for  the  undoped  reference  sample  from  Eg 
(In,Ga,_;^,  bulk,  77  K)  =  1.5076  -  1.63;ir 

0.53jir^  (see  Ref.  3).  Residual  n-type  impurities  in  un¬ 
intentionally  doped  InGaAs  layers  grown  by  MBE  can  be 
responsible  for  the  difference  between  these  two  measure¬ 
ments.  Unintentionally  doped  MBE-grown  InGaAs  was 
reported  to  be  n-type  (about  lO'Vcm^)  mainly  due  to  im¬ 
purities  from  the  In  source."''^ 

Red  shifts  in  the  PL  peaks  (not  blue  shifts  due  to 
Moss-Burstein  shifts)  were  observed  from  the  Si-doped 
SQW  samples  of  structures  18,  19,  and  20.  For  each  struc¬ 
ture,  an  undoped  sample  was  used  as  a  reference.  Red 
shifts  with  both  Si  and  Be  doping  were  seen  from  the  SQW 
samples  of  structures  18  and  19.  The  impurities  (Si  or  ^) 
were  uniformly  doped  (not  spike  doped)  in  the  InGaAs 
quantum  wells.  Red  shifts  with  the  Si  doping  in  the 
InGaAs  QWs  are  in  marked  contrast  to  other  experimental 
reports  with  Sn-doped  (n  type)  Ino.33Gao.47As  bulk  layers 
(blue  shifts  observed)  on  InP  substrates  grown  by  liquid- 
phase  epitaxy  (LPE),'^  and  with  a  spike  Si-doped 
Ino.i6Gao.g4As  MQW  grown  by  MBE.'*  Si  and  Be  dopants 
were  reported  to  be  donors  and  acceptors  in  an 
I*'o.s3Gao.47As  on  InP  substrate,  respectively."’'^  Also,  as 
seen  in  Table  II,  Si  and  Be  dopants  behaved  as  donors  and 
acceptors  in  In^^Gai  .^As  (x<0.53)  bulk  layers  on  GaAs 
substrate,  respectively. 


The  following  can  be  observed  from  Table  I.  The 
amount  of  red  shifts  increases  as  the  Si  d<^>ing  density 
increases  from  5  X  lO'^  to  4  x  lO'*  for  a  fixed  In  ami- 
position  (x  =  0. 12  or  0.22 )  and  QW  thickness.  This  can  be 
due  to  a  narrower  band  gap  (thus  longer  Api,)  in  a  more 
heavily  Si-doped  sample.  The  difference  of  10  meV  in  red 
shifts  from  samples  19-B  (Si:  around  4  x  10'*)  and  19-C 
(Si:  around  5  X  lO'^)  has  been  measured  by  PL.  This 
measured  value  is  close  to  the  difference  of  13  meV  in 
band-gap  shrinkages  calculated  from  EEg  =  — 1.6 

X  10“  for  a p-doped  GaAs  bulk  layer  with  EEg  in  eV 
and  p  in  cm“*.'* 

Acceptorlike  behavior  of  the  Si  impurities  (red  shifts) 
in  the  InGaAs  QWs  can  be  explained  by  the  amphoteric 
nature  of  Si.  One  group  observed  the  amphoteric  character 
of  Si  in  an  In-doped  GaAs  bulk  layer.'*  They  found  that  Si 
impurities  were  acceptors  in  an  In-doped  (around  1.5 
at.  %)  GaAs  that  had  been  annealed  with  a  silicon  nitride 
cap,  and  attributed  the  formation  of  SiAs  (acceptors,  the  Si 
atoms  at  the  As  sites)  to  a  reduced  density  of  (the  Ga 
vacancies)  caused  by  the  Inc.  atoms  (the  In  atoms  at  the 
Ga  sites)  whose  large  ionic  radii  alter  the  point  defect 
energies  on  the  entire  Ga  sublattice.'*  The  fact  that  the 
amphoteric  character  of  Si  was  observed  from  InGaAs  QW 
samples  (Table  I),  but  not  from  InGaAs  bulk  samples 
(Table  II)  can  be  explained  by  the  different  growth  pro¬ 
cesses  for  the  QW  and  bulk  samples.  The  growth  of  the 
O.S-/tm-thick  upper  Alo.3Gao.7As  confining  layer  and  450- 
A-thick  upper  GaAs  barrier  on  the  Si-doped  InGaAs  QW 
(in  situ  aimealing  during  the  growth  with  the  QW  buried) 
could  have  the  same  effect  as  the  silicon  nitride  capping 
and  annealing  on  the  amphoteric  character  of  Si  impuri¬ 
ties.  The  Si  impurities  (the  most  widely  used  n-type  dop¬ 
ants  in  MBE  crystal-growth  technology)  uniformly  doped 
in  the  InGaAs  QWs  being  acceptors  suggests  that  other 
dopants  be  investigated  to  be  employed  as  donors  for  the 
InGaAs  QWs. 

A  blue  shift  was  observed  from  a  heavily  Be-doped 
(Be  >  5  X  10'*/cm*)  MQW  sample  (sample  27-D).  For 
the  Si-doped  SQW  samples  of  structures  18  (18-B  and 
18-C)  and  19  (19-B  and  19-C),  the  amount  of  red  shifts 
increased  as  the  Si  doping  density  increased.  However,  for 
the  Si-doped  MQW  samples  (27-B  and  27-C),  the  amount 
of  red  shifts  was  reduced  as  the  Si  doping  density  was 
increased.  To  explain  the  different  PL  peak  shifts  from  the 
MQW  samples  with  respect  to  the  SQW  samples,  the  Si 
and  Be  cell  temperatures  used  to  dope  the  InGaAs  QWs 
(Si  and  Be  doping  densities)  need  to  be  considered  (see 
Table  I).  for  18-D  and  19-D  (SQW  samples)  was 
980 ’C,  while  1004  ’C  was  used  for  27-D  (MQW  sample). 
Fsi  for  the  heavily  Si-doped  SQW  samples  of  18-B,  19-B, 
and  20-B  was  1174-1 175  *C,  while  1189  *C  was  used  for 
the  MQW  sample  (27-B).  Thus,  the  MQW  samples  (27-B 
and  27-D)  were  more  heavily  Si  or  Be  doped  than  the 
SQW  samples.  The  ApL  of  8330  A  observed  from  the 
heavily  Be-doped  MQW  sample  corresponds  to  a  p-doped 
GaAs  at  77  K.  In  other  words,  the  InGaAs  QWs  were 
almost  completely  disordered  as  the  Be  ceil  temperature 
increased  by  only  24  *C  from  980  *C  (Be:  around  2 
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FIO.  1.  Light  vs  current  characteristic  for  a  strained-lam  InGaAs-GaAs- 
AlCaAs  single-quantum-well  laser  diode  with  a  4S-A-thick  heavily  Si- 
doped  quantum  well. 

X  lO'Vcm*)  to  1004  *C  (Be:  around  8  X  lO'Vcm^).  This 
is  consistent  with  other  experimental  reports  for  G'aAs,*^'** 
but  no  reports  for  InGaAs.  For  heavily  Be-doped  GaAs/ 
AlGaAs  superlattices,  the  threshold  for  fast  ^  diffusion 
(or  for  the  total  layer  intermixing)  was  between  2 
X  lO'Vcm^andS  X  lO'Vcm^'*  The  surface  accumulation 
of  Be  during  the  growth  (rather  than  the  Be  diffiision) 
could  be  responsible  for  the  disordering  of  the  heavily  Be- 
doped  InGaAs  MQW  grown  at  SSO  *C  (sample  27*D)  like 
GaAs/AlGaAs  superlattices  grown  at  540  *C.'’  In  addi¬ 
tion,  the  red  shift  observed  from  the  heavily  Si-doped 
MQW  sample  can  be  explained  by  a  low  In-Ga  interdifllh- 
sion  coefBcient  of  Si.  A  smaller  red  shift  from  the  more 
heavily  Si-doped  sample  (sample  27-B)  compared  to  sam¬ 
ple  27-C  demonstrates  that  the  Si  dopants  at 
=  1 189  *C  enhance  the  In-Ga  layer  disordering  during  the 
materials  growth. 

B.  Laser  diodes 

The  optical  quality  of  the  injection  laser  sample  was 
first  studied  by  fabricating  broad-area  lasers  (2()0x250 
A  threshold  current  density  of  0.73  kA/cm^  from 
the  heavily  Si-doped  SQW  sample  compares  favorably  to 
other  undoped  QW  samples  (threshold  current  density  of 
1. 1-1.3  kA/cm^  obtained,  data  not  shown  here).  The  low 
laser  threshold  current  density  from  the  heavily  Si-doped 
SQW  laser  sample  is  believed  to  be  due  to  doping  effects  on 
the  optical  gain  as  predicted  theoretically.^ 

Next,  stripe  geometry  lasers  using  a  spin-on  glass 
(SOG)  film  for  stripe  de^tion  were  processed.  Compa¬ 
rable  laser  diode  roults  have  been  obtained  from  lasers 
with  a  SOG  film  and  traditional  oxide  (data  not  shown 
here).^  The  stripe  width  was  6  /xm  and  the  size  of  a  com¬ 
pleted  laser  diode  was  200x  250  nm\  The  laser  diode  had 
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a  series  resistance  of  ^^roximately  5  (I.  and  a  reverse 
breakdown  voltage  around  6  V. 

The  light  versus  current  (£-/)  charactoistic  (thresh¬ 
old  at  48  mA)  is  shown  in  Fig.  1.  This  laser  thresludd  is 
remarkably  low  considering  that  it  is  a  gain  guided  laser 
with  a  simple  separate  confinement  heterostructure  (SCH) 
SQW  active  region,  not  a  graded  index  (GRIN)  SCH 
structure.  In  addition,  this  threshold  value  compares  favor¬ 
ably  with  a  proton-bombarded  stripe  laser  (strained  un- 
doped  InGaAs  SQW  GRIN  SCH  laser).^'  A  kink  in  the 
light  versus  current  was  observed.  Note  that  a  similar  kink 
in  the  light  versus  current  was  also  observed  by  another 
group  using  a  highly  p-doped  (Be  =  lO'Vcm^)  GaAs/ 
AlGaAs  MQW  laser.*  Several  factors  have  been  identified 
for  kinks  in  the  light  versus  current  for  the  double-hetero- 
structure  (DH)  lasers  including  defects  in  the  junctitm 
region,  which  can  produce  lasing  in  filaments,  and  lateral 
mode  changes  in  lasers  with  weak  lateral  mode 
guiding.^'^  Since  defects  manifest  themselves  as  spikes  in 
the  L-I  curve,^  they  are  probably  not  responsible  for  the 
smooth  kink  observed  in  Fig.  1.  Kinks  in  the  L-I  curves  of 
DH  lasers  can  be  eliminated  by  employing  a  narrow  stripe 
width  (about  8  ftm)  to  prevent  lasing  mode  shifts,”  and  by 
introducing  a  refractive  index  guiding  to  stabilize  horizon¬ 
tal  transverse  modes.”  The  reasons  we  believe  that  the 
kink  observed  in  Fg.  1  is  due  to  dealing  the  InGaAs  QW, 
and  not  due  to  processing  are  as  follows:  (i)  A  kink  in  the 
L-I  curve  was  observed  from  both  broad-area  lasers  (data 
not  shown  here)  and  stripe  geometry  lasers  (Fig.  1);  (ii) 
the  kinks  in  the  L-I  curves  were  not  observed  from  our 
series  of  undc^ied  strained-layer  InGaAs-GaAs  oxide  and 
spin-on  glass  stripe  lasers  with  the  stripe  width  of  around  6 
/xm  (data  not  shown  here);  and  (iii)  the  kinks  were  not 
observed  for  a  conventional  DH  laser  with  a  heavily  com¬ 
pensated  GaAs  active  region  (1(X)0  A,  Si:  around  2 
X  lO'*,  Be:  around  3  X  10'*,  data  not  sLown  here). 

An  indium  composition  of  14%  was  estimated  from 
growth  conditions  (In  flux  of  2.i  x  10~^  Torr,  see  Table 
I).  The  transition  energy  of  1.346  eV  (  ==  9230  A)  (taking 
into  account  quantum-size  effect  as  well  as  strain  effbet)  is 
expected  for  a  45-A-thick  undoped  In^uGaaisAs  QW  with 
GaAs  barriers  from  our  model*  However,  the  transititm 
energy  of  1.395  eV  corresponding  to  the  emissitm  wave¬ 
length  of  8907  A  from  Fg.  2(a)  was  obtained  from  the 
45-A-thick  heavily  Si-doped  IiiauGaatsAs  quantum  well. 
In  addition,  from  a  40-A-thick  hea^y  Si-doped  (about 
5  X  10"/cm*)  Ino.19Gao.it As  SQW,  the  amount  of  red 
shift  was  measured  to  be  80  A  (structure  20,  see  Table  I). 
Thus,  an  emission  wavelength  of  about  9330  A  (  =  9230 
A  -f  100  A,  where  100  A  is  from  the  red  shift)  was  roughly 
expected  for  the  45-A-thick  heavily  Si-doped 
Ino.14Gao.g6As  QW  without  taking  the  layer  intermixing 
effect  into  account.  But  the  InGaAs-GaAs  layer  intermix¬ 
ing  enhanced  by  the  Si  impurities  in  an  InGaAs  quantum 
well  as  observed  froin  the  sample  27-B  needs  to  be  consid¬ 
ered.  The  redistribution  of  the  Si  dopants  into  the  upper 
GaAs  barrier  due  to  uniform  doping  (dicing  the  edges) 
could  be  responsible  in  part  for  the  enhancemoit  of  the 
InGaAs-GaAs  layer  intermixing  by  Si.”  In  this  case,  a 
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FIG.  2.  Emission  spectra  for  a  strained-layer  laser  diode  with  a  4S'A- 
thkk  heavily  Si-doped  quantum  well  for  three  different  injection  currant 
levels:  (a)  /  -  1.4/,*;  (b)  I  »  2.0/u,:  and  (c)  /  -  2.7/*. 


blue  shift  of  around  400  A  (  —  9330  A  —  8907  A)  was 
attributed  to  the  impurity-enhanced  layer  disordering  dur¬ 
ing  the  crystal  growth.  Another  group  observed  the  same 
amount  of  shift  in  the  lasing  wavelen^  (400  A)  from  an 
undoped  InGaAs  GRIN  SCH  SQW  laser  after  an  LPE 
cycle.” 

The  emission  spectra  are  shown  in  Fig.  2  for  three 
different  injection  current  levels  (/  =  1.4/(|„  2.0/0,,  and 
2.77(1,).  First,  multiple  longitudinal  modes  were  shown  as 
in  Fig.  2(a)  (lasing  peak  at  8907  A,  /  =  1.4/,],).  But  as  the 
current  increased  (/  =  2.07, i,),  the  modes  at  lower  wave¬ 
lengths  (A  =  8852  A)  became  comparable  to  the  original 
modes  [A=;8880  A,  Fig.  2(b)].  At  7  =  2.770,,  the  higher- 
energy  modes  dominated  the  lower-energy  modes  and  al¬ 
most  a  single  longitudinal  mode  was  observed  at  8858  A 
Pug.  2(c)].  Photopumped  lasers  (see  Ref.  29)  were  also 
made  from  the  sample  with  a  45-A-InGaAs  (Si:  around 
5  X  10' *)  QW  sandwiched  between  100-A-thick  undoped 
GaAs  carrier  collection  layers  separated  by  O.S-/rm-thick 
undoped  Alo.3sGao.«5As  confining  layers.  Two  emission 
peaks  were  also  obMrved  from  the  quantum  well  of  the 
photopumped  lasers  at  77  K,  one  at  8550  A  (1.453  eV) 
and  the  other  at  8600  A  (1.445  eV),  (data  not  shown 


here).  The  separatkm  between  the  two  peaks  was  50  A  (8 
omY)  which  was  very  dose  to  that  for  the  iigectioo  laser 
sample  (peaks  at  8907  and  8858  A,  1.403  eV  - 1.395 
eV  B  8  meV,  see  Fig.  2).  The  foct  that  two  rmitiifin  peaks 
were  obtained  from  both  photopumped  and  current  injec- 
tkm  lasen  suggests  that  t^  are  rdated  to  the  doping. 

IV.  SUMMARY 

Moss-Burstein  shifts  (blue  shifts  with  respect  to  un- 
dopti  samples)  in  the  i^iotoluminescence  pealu  were 
(A)served  from  uniformly  Si-doped  pseudomorphic 
InGaAs-GaAs-AlGsAs  single-quantum-well  samples  as 
expected.  Instead,  red  shifts  were  observed  from  the  Si- 
doped  samples,  and  silicon  dopants  being  acceptors  was 
explained  in  terms  of  the  amphoteric  character  of  Si.  The 
Si  impurities  (the  most  widely  used  n-type  dopants  in 
MBE  crystal-growth  technology)  being  acceptors  suggests 
that  other  dopants  be  studied  to  be  used  as  donors  for  the 
InGaAs  QWs.  The  nearly  total  intermixing  of  the  InGaAs- 
GaAs  layers  was  observed  from  the  heavily  Be-doped 
MQW  sample  (at  of  1004  *C)  during  materials 
growth,  and  this  limits  the  Be  doping  density  in  the  In¬ 
GaAs  quantum  wdls. 

The  effect  on  laser  performance  (laser  thresholds  and 
emission  spectra)  by  Si  doping  was  demonstrated  with  an 
MBE-grown  InGaAs-GaAs-AlGaAs  strained-layer  laser 
with  a  heavily  Si-doped  quantum  well.  The  low  threshold 
current  of  48  mA  and  kink  in  the  light  versus  current  curve 
were  observed  from  a  gain-guided  spin-on  glass  stripe  laser. 
The  shift  in  emission  wavelength  and  two  emission  peaks 
were  also  observed.  A  much  lower  laser  threshold  is  ex¬ 
pected  to  be  obtained  with  the  introduction  of  index  guid¬ 
ing  such  as  impurity-induced  layer  disordering.  The  data 
presented  in  this  paper  should  be  important  in  the  design  of 
InGaAs-GaAs  strained-layer  lasers  with  doped  quantum 
wells. 
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Enhanced/Suppressed  Interdiffusion  of  inGaAs-GaAs- 
AIGaAs  Strained  Layers  by  Controlling  impurities  and 
Gallium  Vacancies 

K.  Y.  HSIEH  and  Y.  L.  HWANG 

Department  of  Materials  Science  and  Engineering 
North  Carolina  State  University,  Raleigh,  NC  27695-7907 

J.  H.  LEE  and  R  M.  KOLBAS 

Department  of  Electrical  and  Computer  Engineering 
National  Science  Foundation  Engineering  Research  Centers 
for  Advanced  Electronic  MateriaLs  Processing 
North  Carolina  State  University,  Raleigh,  NC  27695-7911 

The  interdifiusion  of  In  and  Ga  at  an  InGsAs-GaAs  interface  subjected  to  different  an¬ 
nealing  temperatures,  times,  and  environments  is  demonstrate.  Hie  interdifiusion 
coefficients  and  activation  energies  are  determined  by  correlating  the  shift;  in  the  pho¬ 
toluminescence  peaks  with  the  calculated  quantum  well  transition  energies  based  on 
an  error  function  composition  profile.  The  rMults  indicate  that  a  hig^r  In  onnposition 
In,Gai.,GaAs  single  quantum  well  (SQW)  leads  to  a  hi^er  interdifiusion  coefficient  of 
In  and  Ga  in  an  As  overpressure  annealing  condition.  Also,  As  overpressure  increases 
the  interdifiusion,  whereas  Ga  overpressure  reduces  the  interdifiusion.  The  thermal  ac- 
tivati<m  energies  for  different  In  oonqiosition  InGaAs-GaAs  SQWs  Cc  »  0.067,  0.10,  0.15) 
range  from  3.3  to  2.6  eV  for  an  As  overpressure  environment  and  from  3  to  2.23  eV  for 
the  Ga  overpressure  situation.  With  reqiect  to  impurity  induced  disordering  by  Zn  using 
a  Ga  or  As  overpressure  significantly  effects  the  d^th  of  the  2b  diffasion  firont  but 
significant  mixing  does  occur  in  either  case  when  the  impurity  firont  readies  the  quan¬ 
tum  well. 

Key  words:  In-Ga  interdifiusion,  thermal  annealing,  quantum  well  structure,  impu¬ 
rity  difiusion,  difiiision  induced  dimrdering 


INTRODUCTION 

There  is  a  strong  interest  in  the  optoelectronic 
properties  of  strained  layer  quantum  well  hetero¬ 
structures  (OWN’S)  resulting  from  the  relaxation  of 
the  lattice-match  constraint  and  the  introduction 
of  strain  which  produces  new  and  useful  proper¬ 
ties.^**  The  stability  of  lattice-matched***  and  lat¬ 
tice-mismatched*****  own’s  to  thermal-  or  diffu¬ 
sion-induced  compositional  disordering  is  of  great 
interest  for  fund^ental  material  studies  and  pos¬ 
sible  problems  in  the  fabrication  and  reliability  of 
devices.  High  performance  strained  layer  InGaAs- 
GaAs  ouantum  well  lasers  have  alM  been  re- 
ported.*^’****^  In  spite  of  the  strain,  strained  layer 
InGaAs-GaAs  O^^^s  wells  are  almost  as  stable  as 
lattice-matched  AlGaAs-GaAs  OWN’S  to  thermal 
disordering.**  However,  very  few  reports  mention 
the  difiusion  coefficient  and  activation  energy  of  the 
In  and  Ga  in  the  InGaAs-GaAs  strained  layer  in¬ 
terfaces.  Only  Joncour  et  of.**  have  reported  the  in¬ 
terdiffusion  coefficient  of  InGaAs-GaAs 

strained-layer  superlattice  (SLS)  at  850*0  mea¬ 
sured  by  x-ray  d^fraction.  In  this  work,  we  report 


(RMtiwd  April  9, 1990;  rrriaad  August  24, 1990) 


the  ^stematic  study  of  the  thermal  interdifiusion 
(In  a^  Ga)  and  impurity  enhanced  disorder  at  the 
quantum  well  heteroint^ace  under  tiie  influence 
the  annealing  environment.  The  relationships 
between  the  interdifiusion  coefficient  ond  the 
In  mole  firaction  of  tke  InGaAs-GaAs  strained  layer 
own’s  are  also  addressed. 


CRYSTAL  GROWTH  AND  DIFFUSION 

All  the  InGaAs-GaAs  SQWs  for  this  experiment 
were  grown  by  molecular  beam  q>itaxy  (Varian  360) 
on  Si-doped  (100)-oriented  GaAs  stdistrates.  The 
growth  temperature  fin-  the  InGaAs-GaAs  layers  was 
550*  C,  and  for  the  AlGaAs  layers,  tiie  temperature 
was  fixed  at  640*0.  During  the  growth  of  the 
AlGaAs-GaAs  interfrices,  stop  growth  was  carried 
out  while  the  temperature  was  decreased  fit>m  640 
to  550^  0  or  vdiile  it  was  increased  fixxn  550  to  640*  0. 

Two  different  SQW  structures  were  studied.  The 
first  has  0.5-/im  ^ck  AlxGai-.As  (x  >>  0.35)  clad¬ 
ding  layers  surround^  two  1500A  thick  GaAs  con¬ 
fining  layers  and  an  87-  to  lOOA  In,Gai-^  (x  - 
0.057,  0.113,  0.15)  well  centrally  located  between  the 
two  GaAs  confining  layers.  In  the  second  structure, 
there  were  no  AlGaAs  cladding  layers.  The  samples 
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ware  grown  Iqr  first  depoeiting  a  0J&-taa  GaAs  layer, 
then  a  lOOA  In,Gai-^  (z  »  0.15)  well,  and  fin^y 
anotho:  1200  or  600A  GaAs  cap  layer.  To  improve 
the  interface  quality  a  brief  (<1  sec)  interruption  of 
the  growth  is  carried  out  at  the  InGaAs-GaAs  in- 
terfisM. 

For  both  thermal  annealing  (impurity-free)  and 
Zn  diffusion  experiments,  the  samples  were  ultra- 
sonically  clmm^  in  tri^oroethane,  acetone,  and 
methanol,  and  washed  in  distilled  water.  The  sam¬ 
ples  were  placed  in  cleaned  and  etched 
(HFrHNOsrHjO  =  1 : 1 : 1)  quartz  ampoules  (approx¬ 
imately  3.5-4  cm’)  and  sealed  under  a  vacuum  of 
10~’  Torr.  Sufficient  As  (20  mg)  or  (Sa  (20  mg)  or 
Za  was  included  to  provide  an  excess  overpressure. 
For  the  thermal  annealing,  the  annealing  temper¬ 
atures  and  times  varied  in  the  range  from  750  to 
925*  C  and  firom  3  to  5  hours.  Samples  keep  their 
mirror  like  surface  after  thermal  annealing  in  both 
the  As  and  Ga  overpressure  environments.  How¬ 
ever,  for  a  temperature  exceeding  700*  C  significant 
surface  degra^tion  was  observed  for  samples  in  the 
no  over  pressure  environment.  With  reqiect  to  low 
temperature  Zn  diffusion,  the  division  time  em¬ 
ploy^  was  1  hour  for  ^  cases  and  the  diffusion 
temperature  was  600  to  650*  C. 

To  study  the  effects  of  thermally-induced  or  im¬ 
purity-induced  disordering  in  a  SQWH,  photopump¬ 
ing  was  employed  and  ^  change  in  photolumi¬ 
nescence  emission  energy  was  record^l.  llie 
photoluminescence  spectra  were  taken  with  the 
samples  cooled  to  77  K  and  photoexdted  with  a  cav¬ 
ity-pumped  argon-ion  laser  (A  «  5145A,  8-ns  pube 
at  3.8  5CHz).  T^e  spectra  were  recorded  using  a  0.5- 
m  spectrometer  and  an  S-1  photomultiplier. 


STRUCTURE  ANALYSIS  AND  THERMAL 
DISORDERING 

A  cross-sectional  dark  field  TEM  (Transmission 
Electron  Microscopy)  image  of  the  In,(jai-,As-GaAs 
(x  -  0.15)  single  quantum  well  is  shown  in  Fig.  1(a). 
Both  the  absence  of  dislocations  at  the  interfkoes  as 
seen  in  the  TEM  image  and  a  sharp  peak  in  the 
photoluminescence  spectrum  (Fig.  1(b))  indicate  that 
the  lOOA  InGaAs  I^W  is  of  high  crystalline  qual¬ 
ity. 

Before  annealing  the  SQWH  can  be  modeled  as  a 
finite  squme-well  potential.  The  potential  depth 
is  determined  fipom  the  conduction  and  val  os^ 
discontinuities  for  the  electrons  and  holes,  respec¬ 
tively.  The  carrier  mass  used  in  the  SchrSdmger  wave 
eqxiation  is  the  carrier  effective  mass  in  GaAs  for 
the  barrier  regions  and  in  the  In^Gai-^As  for  the 
quantum  well.  The  thermal  anneali^  process 
changes  the  composition  profile  across  the  quantum 
well  structure  throu^  tlm  solid  state  diffusion  of  In 
and  Ga.  The  composition  profile  will  then  deter¬ 
mine  the  potential  energy  profile  confining  the  car¬ 
riers.  The  spatial  profile  of  the  hi  composition  C, 
across  a  well  centered  at  z  »  0  is  described  by”-’’ 


Wavelength  (A) 


(b) 

Fig.  1  —  (a)  Croas-Mctional  daric  field  TEM  photomicrograph  of 
a  lOOA  A]oj(Gao.«Aa.GaAa-Iii«uGaajsAa  SQW.  (b)  Photolumi- 
nescence  plectrum  (77K)  of  the  SQW.  Ihe  absence  of  dislocations 
at  the  interfaces  and  the  sharp  PL  peak  indicate  a  high  quality 
SQW  crystal. 
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where  C«  is  the  initial  In  composition  in  the  quan¬ 
tum  well,  L,  is  the  well  thickness,  is  the  in- 
terdiffiision  coefficient,  t  is  the  annealing  time,  and 
€rf{z)  is  the  error  function.  If  the  initial  well  width 
is  known,  the  shift  in  the  quantum  well  emission 
after  thennal  annealing  will  depend  on  the  values 
of  Du-ot  aiul  t-  The  interdiffiuion  coefficient 
can  be  determined  by  varying  until  a  match 
is  obtained  between  the  experimental  and  calcu¬ 
lated  transition  energies.  The  bound  state  energy 
transition  levels  of  an  annealed  SQWH  are  found 
using  a  potential  profile  that  is  calculated  using  £q. 
(1)  the  d^ndence  of  the  bandgap  on  the  In 
mole  fraction  x.  Given  the  electron  arid  heavy  hole 
effective  masses,  0.066S  -  0.0435x  and  mfk  > 
0.45  -  0.04x,  respe^vely,  and  the  band  offsets”  of 
=  Q.lEg  and  AE,  =  0.3^£,,  the  bound  state 
energies  can  be  calculated-  using  iterative  tech¬ 
niques.  Calculation  of  the  radiative  transition  en¬ 
ergy  consists  of  adding  the  electron  sub-band  en¬ 
ergy,  the  heavy  hole  sub-band  energy,  and  the  energy 
gap  corresponding  to  the  In  conomtration  at  the  well 
center. 

The  77K  photoluminescence  spectra  from  an 
InoasGsoasAs  SQW  are  shown  in  Fig.  2  for  samples 
prowssed  as  follows:  (a)  as  grown,  (b)  Ga  overpres¬ 
sure,  (c)  As  overpressure,  and  (d)  no  overpressure. 
The  annealing  temperature  was  850*  C  and  the  an¬ 
nealing  time  was  3  hours.  The  largest  shift  in  wave¬ 
length  (9180  to  8540A)  or  energy  (AE  —  101  meV) 
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Fig.  2  —  PhotolumineacMioe  qiactrm  (77K)  of  tho  SQW  aamplea, 
bcAire  and  after  thmnal  annealing  at  850*  C  for  3  hr  in  different 
overpreaeure  environmenta.  Note  the  large  difference  between 
the  Aa  and  Ga  earvea  with  raapaet  to  the  ahift  in  the  emiaaion 
peaka. 


corresponds  to  the  greatest  In-Ga  interdiffusion 
which  occurs  when  the  sample  is  annealed  with  an 
As  overpresstire.  In  contrast,  the  least  interdiffu¬ 
sion  (9180  to  8930A,  AE  =  38  meV)  occurs  with  Ga 
overpressure.  These  results  indicate  that  the  com¬ 
positional  disordering  process  is  significantly  af¬ 
fected  by  the  overpressure  conditions  for  thermal 
disordering  when  no  impurity-induced  disor¬ 
dering  occurs).  These  results  are  consistent  with 
those  observed  for  the  AlGaAs-GaAs  lattice-matched 
system.* 

The  calculated  valura  of  the  diffusion  coefficients 
for  the  Ino  uGao^sAs-GaAs  are  plotted  versus 
1/kT  (810  <T  <  925*  C)  in  Fig.  3.  A  least-squares 
fit  of  the  data  yields  activation  energies  of  d£(A».Hch) 
=  3JeV,  AE^„.,„^  =  1.56eV,  AE^c^  =  2.23eV. 
To  our  knowledge,  this  is  the  first  study  of  the  in¬ 
fluence  of  Ga  overpressure  on  the  interdiffiision  of 
In  and  Ga  in  InGaAs.  In  addition  this  is  the  first 
report  of  the  activation  energies  of  In  and  Ga  in- 
terdifiusion  under  different  annealing  environ¬ 
ments. 

The  interdiffusion  coefficient  of  In  and  Ga  in  the 
InGaAs  is  not  only  affected  by  the  annealing  en¬ 
vironment  but  also  related  to  the  In  concentration 
in  the  InGaAs  alloy.  The  relation  between  the  in¬ 
terdiffusion  coefficient  and  the  In  concentration  in 
the  InGaAs  SQW  is  shown  in  Fig.  4.  The  data  in¬ 
dicate  that  for  high  In  compositions  in  the  InGaAs 
well  the  disordering  process  is  enhanced  with  As 
overpressure.  On  the  contrary,  under  Ga  overpres¬ 
sure  the  disordering  process  is  sujqpressed  with  in¬ 
creasing  In  composition.  These  ri^ts  will  be  dis¬ 
cussed  later. 

Both  AlGaAs-GaAs-InGaAs  SQW  and  GaAs- 
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Fig.  3  —  Plot  of  tho  interdiffusion  coefiBcient  of  In  and  Go  in  an 
AL»GaojiA8-GaAs-InouGsMiAB  SQW,  for  different  overpres- 
•ure  environments  as  fiinction  of  1/kT.  A  least-squares  fit  to  the 
data  yields  activation  energies  of  *  3.3  eV,  A£,o.ndi>  ~ 

2.23  eV.  and  . .  •*  1-66  eV. 
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Fig.  4  —  ArriMnius  pIoU  of  the  difliiaion  ooeffidenta  to  fit  the 
iatefdifiiuion  of  different  In  compoeition  A],Gai.,Aa'GaAa> 
In.Ga,.^  SQW  (y  -  0.35;  x  -  0.067,  0.10,  0.16)  in  Aa  over- 
proMure  and  in  Qa  overpreaaure  eonditioaa.  Note  that  the  in* 
terdiAiaion  eo^Bcienta  increaae  with  inereaaing  In  concentra¬ 
tion  in  an  Aa  overpreaaure  envinuunent  and  reduce  with 
inereaaing  In  compoaition  in  a  Qa  overpreaaure  condition. 

InGaAa  SQW  samples  were  evaluated.  The  well 
width  (L,  »  lOOA)  and  the  In  concentration  (x  - 
0.15)  in  the  well  are  the  same  for  these  two  differ¬ 
ent  SQW  samples.  The  photoluminescence  spectra 
for  these  two  samples,  as-grown  and  after  anneal¬ 
ing  (850**  C,  3  hours,  As  overpressure),  are  shown  in 
Fig.  5.  For  the  samples  whit^  had  AUGai-^^As  clad¬ 
ding  layers,  the  pe^  shift  is  larger  than  the  sam- 


Fig.  5  —  Photoluminoaconce  apectra  (77K)  of  the  SQW  aamplea, 
b^KO  and  after  thermal  annealing  at  850*  C  for  3  hr  in  an  Aa 
overpreaaure  condition.  The  aample  with  a  aeparate  confinement 
atructure  (AlOaAa-GaAa-InGaAa)  had  a  larger  ahift  in  the  emia- 
aion  peak. 


pies  that  only  had  GaAs  barrier  layers.  Following 
the  same  technique  presented  above,  the  interdif¬ 
fusion  coefficient  and  the  activation  energy  were 
determined.  The  results  show  that  samples  with 
AlGaAs  layers  have  a  larger  interdiffiuuon  coeffi¬ 
cient  Di,^  (Fig.  6).  Since  the  AlGaAs-GaAs- 
InGaAs  SQW  crystal  has  AlGaAs  cladding  layers, 
the  diffusion  between  Ga  and  A1  atoms  at  the 
AlGaAs-GaAs  interface  ^uld  also  occur  during 
annealing.  The  photoluminescence  spectrum  only 
provides  the  bound  state  energy  information  from 
the  InGaAs  well.  Hence  we  don’t  know  what  is  hap¬ 
pening  at  the  AlGaAs-GaAs  interfaces.  However,  by 
comparing  the  shift  in  the  photoluminescence  peak 
of  the  two  samples  we  observe  more  rapid  disorder¬ 
ing  of  the  InGaAs  well  in  the  samples  with  AlGaAs 
cladding  layers.  To  investigate  t^  further,  addi¬ 
tional  smnples  with  the  same  basic  structure  but  with 
200A  (raffier  than  1500A)  GaAs  confining  layers 
were  equated.  Subjecting  these  new  sanqiles  to  the 
same  annealing  conditions  resulted  in  larger  shifts 
in  the  photoluminescence  peaks  (ISOA  difference). 
Hence,  the  closer  proximity  of  ^  AlGaAs-GaAs 
hetengunctiim  enhances  the  intermixing.  This  could 
be  due  to  the  presence  of  A1  atoms  that  diffuse  to 
the  InGaAs-fxaAs  interface  or  a  modification  of  the 
concentration  and  movement  of  point  defects  due  to 
the  adjacent  of  AKxaAs. 

Deiqw  et  al.^  suggested  that  the  difiusion  rate  of 
the  Column  m  lattice  atom  will  be  proportional  to 
the  concentration  of  the  Column  III  point  defects. 
Mqjor  et  al,^  also  pointed  out  that  the  difiusion  of 
the  0)lumn  m  atom  can  be  enhanced  by  moving 
along  the  dislocation  created  throu^  strain  relax¬ 
ation.  We  can  apply  both  ideas  below  to  explain  the 
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Fig.  6  —  Plot  of  the  interdiffusion  coefficient  of  In  and  Gs  in  the 
Al^GfleiwAs^aAs-InotuGaojiAs  SQW  and  the  GaAa-Inu«GauiAs 
SQW  for  different  overpressure  environments  as  a  function  of  1/ 
kT.  Interdiffusion  always  occurs  faster  in  the  aeparate  confine¬ 
ment  heterostructure. 
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In<Ga  interdifiusion  as  a  function  of  overpressure 
and  In  concentration. 

The  relation  between  the  interdiffusion  and  the 
In  conwntration  in  the  InGaAs  SQW  has  already 
been  shown  in  Fig.  4.  Note  that  the  interdiffusion 
coefficient  increases  with  increasing  In  mole 
fraction  in  the  InGaAs  alloy  in  an  As  overpressure 
condition.  On  the  contrary,  under  Ga  overpressure 
the  InGaAs-GaAs  well  with  high  In  composition  is 
more  stable  than  that  with  low  In  composition. 

There  are  at  least  two  factors  that  determine  the 
behavior  of  the  interdifiusion  of  In  and  Ga  at  the 
InGaAs>GaAs  interfaces.  One  is  the  strain  which  can 
produce  dislocations  during  annealing  when  the 
lattice  relaxes*^  and  the  offier  is  the  Ga  vacancy 
concentration  controlled  by  the  over  pressure  con¬ 
ditions.  For  the  In  atoms  to  pass  through  the  inter¬ 
face  and  exchange  with  Ga  atoms  they  need  to  find 
a  vacancy  on  a  neighboring  site.  An  As  overpres¬ 
sure  provides  a  high  Ga  vacancy  oonomtration.  TUs 
condition  provides  enough  driving  force  to  enhance 
the  disordering  process.  Simultaneously,  the  strain 
can  create  a  dislocation  network  during  the  strain 
relaxation^’  and  then  provide  a  difiusion  vehicle  for 
the  Column  m  atoms.  Since  a  high  In  firaction  is 
associated  with  a  high  strain,  it  will  generate  more 
dislocations.  Both  conditions  help  the  disordering 
process  to  proceed  faster.  In  contrast  Ga  overpres¬ 
sure  dramatically  reduces  the  Ga  vacancy  concen¬ 
tration  resulting  in  fewer  sites  into  which  the  In  or 
Ga  atoms  can  jump  across  the  interface  and  settle. 
In  this  case  even  if  the  strain  relaxation  provides 
difiusion  pipes*’  for  the  Column  m  atoixis,  limited 


Fig.  7  —  Photoluminescence  spectra  (77K)  from  a  set  of 
Al«jsGao.t«As-GaAa-Iiio.ov;Gao.»iiAs  SQW  samples  cleaved  from  a 
single  wafer,  before  and  after  thermal  anneling  at  850*  C  for  3 
hr  in  different  overpressure  enviroiunents.  Note  the  small  dif¬ 
ference  between  the  As  and  Ga  curves  with  respect  to  the  shift 
in  the  emission  peaks.  This  result  indicates  for  the  low  In  com¬ 
position  SQWs,  the  interdiffusion  process  was  not  sensitive  to 
the  overpressure  condition. 


Ga  vacancies  slowed  down  the  diffusion  process. 
Hence  the  speed  of  interdifiusion  of  the  Column  III 
atoms  across  the  interface  is  reduced.  Based  on  this 
model,  we  would  expect  an  IniGai-.r^  SQW  to  have 
a  larger  interdifiusion  coefficient  in  an  As  over¬ 
pressure  compared  to  a  Ga  overpressure,  and  a  hi^ 
interdifiusion  coefficient  for  a  higher  In  composition 
in  an  As  overpressure  which  are  observed  experi¬ 
mentally.  The  model  is  not  sufficiently  robust  to  ex¬ 
plain  why  high  In  composition  interface  are  more 
stable  in  a  Ga  overpressure. 

An  important  result  to  note  is  that  for  low  In 
composition  In^Gai-iAs-GaAs  SQWs  (x  =  0.057),  the 
thermal  disordering  process  was  not  sensitive  to  the 
annealing  environment.  The  77K  photolumines- 
Mnce  spectra  firom  In.Gai-,rAs/GaAs  SQWs  (x  = 
0.057)  after  3  hours  at  850°  C  in  difierent  overpres¬ 
sure  conditions  are  shown  in  Fig.  7.  The  shifts  in 
the  photoluminescence  peaks  were  nearly  the  same 
for  both  Ga  and  As  overpressure  conditions  for  the 
low  In  composition  samples.  In  contrast,  the  inter¬ 
difiusion  coefficient  for  the  high  In  composition 
(x  =  0.15)  SQW  in  an  As  overpressure  condition  is 
almost  one  order  magnitude  larger  than  in  a  Ga 
overpressure  condition. 


IMPURITY  INDUCED  DISORDERING 

A  lot  of  work  has  been  done  on  compositional  dis¬ 
ordering  with  Zn  impurity  difiusion  in  lattice- 
match’^  and  lattice-mismatched*’’’*  QWH.  In  order 
to  better  understand  the  role  of  Ga  and  As  over¬ 
pressure  in  controlling  the  interdifiusion  process,  we 
also  performed  the  Zn  impurity  induced  ^Bordering 
experiments  in  various  overpressure  conditions. 


c 
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Fig.  8  —  77K  photoluminescence  spectra  for  AlojsGao.MAs-GaA8- 
Ino.iGao.iAs  SQW  following  impurity  diffusion  with  different  ov¬ 
erpressure  conditions.  The  emission  peak  did  not  shift  in  an  As 
and  Zn  overpressure  condition  due  to  a  shallow  diffusion  front. 


1422 


Hsieh,  Hwang,  Lee  and  Kolbas 


The  77K  photolumineacence  spectra  from  an 
Ino.iGao.»As  are  shown  in  Fig.  8  for  samples 
processed  as  follows:  (a)  as  grown,  (b)  Zn  overpres¬ 
sure,  (c)  Zn  and  As  overpressure.  The  annealing 
temperature  was  650”  C  and  the  annealing  time  was 
1  hour.  With  Zn  overpressure,  the  photolumines¬ 
cence  spectrum  broadens  and  the  peak  shifts  to 
shorter  wavelengths  indicating  partial  mixing  due 
to  the  impurity  difiusion.  During  annealing  if  we 
also  put  extra  As  into  the  ampoule  with  the  Zn 
source,  the  heterointerfaces  are  not  mixed  and  the 
photoluminescence  is  the  same  as  the  as-grown 
samples  (Fig.  8(c)).  Sliih”  reported  that  the  diffu¬ 
sion  of  Zn  in  GaAs  was  affected  by  the  Ga  vacancy 
concentration,  which  in  turn  was  governed  by  the 
As  pressure.  We  observed  that  the  diffusion  profile 
changed  gradually  as  extra  As  was  added.  Compo¬ 
sitional  disordering  will  not  take  place  until  the  Zn 
diffusion  front  passes  throufdi  the  interfaces.  For  the 
sample  annealed  under  Zn  and  extra  As  ambient, 
the  Zn  diffusion  frront  did  not  reach  the  well.  Hence 
the  photoluminescence  measurement  was  the  same 
as  the  unannealed  samples. 

A  thin  SQW  is  good  for  measuring  a  slight  amount 
of  interdiffusion,  while  a  thick  SQW  is  appropriate 
for  conditions  ^at  produce  rapid  interdifiiision. 
Hence  a  sample  with  several  SQWs  with  different 
thicknesses  woiild  be  useful  to  gauge  a  wide  range 
of  disordering  mechanisms.  A  sample  with  three 
Ino.isGao.86As  SQ^s  of  different  well  widths  (L,  = 
50,  85,  and  200A)  separated  by  2000A  GaAs  bar¬ 
riers  was  used  to  evaluate  the  effect  of  Zn  impurity 
diffusion.  The  77K  photoliuninescence  spectra  are 
shown  in  Fig.  9  for  the  as-grown  sample,  (a),  and 
for  samples  diffused  for  1  hour  at  600”  C  wi^  (b) 


Wavelength  (A) 


Fig.  9  —  Low  temperature  (77K)  photolumineacence  apectra  for 
GaAar^isGao«^  MQW  (L,  >  50,  85  and  200A)  following  ZnAa^ 
impurity  diffusion  with  different  overpressure  environments  at 
600*  C  for  1  hr.  The  degree  of  disordering  in  a  ZnAst  Ga  ov¬ 
erpressure  condition  is  larger  than  in  a  ZnAsi  overpressure  con¬ 
dition. 


ZnAs2  and  (c)  ZnAsi  and  Ga.  With  ZnAse  overpres¬ 
sure  the  two  thin  wells  were  almost  completely  mixed 
leaving  only  the  200A  well  peak.  Ck>mpar^  with 
the  as-grown  sample,  the  200A  well  photolumi¬ 
nescence  peak  (Fig.  9(b))  shifted  160A  (9400  to 
9240A).  For  the  ZnAsj  with  extra  Ga  annealing 
condition,  the  peaks  from  the  50  and  8SA  wells  also 
disappear  and  the  200A  well  peak  shifted  240A 
frrom  9400  to  9160A.  The  degree  of  disordering  was 
larger  than  in  the  ZnAsj  annealing  condition.  For 
the  ZnAsj  with  extra  As  ambient,  the  result  was 
the  same  as  the  Zn  with  As  overpressure  condition. 
In  the  case  of  impurity-induced  disordering,  Ga 
overpressure  could  not  suppress  the  interdiffusion 
of  In  and  Ga  while  As  overpressure  did  retard  the 
disordering  process  by  slowing  the  diffusion  fivnt. 

The  diffusion  coefficient  of  Zn  is  function  of  [ZnJ 
the  interstitial  concentration  and  [Zn,]  the  substi¬ 
tutional  concentration.^  In  the  As  overpressure 
condition,  the  Ga  vacancy  concentration  increases. 
Most  of  ffie  interstitial  Zn  atoms  will  fall  into  the 
Ga  vacancies  and  become  substitutional  Zn  impur¬ 
ities.  With  the  Zui  interstitial  concentration  re¬ 
duced  then,  the  diffiision  process  will  be  dominated 
by  substitutional  diffiision.  With  respect  to  the  Ga 
overpressure,  the  situation  is  totally  reversed.  The 
extra  Ga  reduces  the  As  vapor  pressure  and  the  Ga 
vacancy  concentration  also  decreases.  T''erefore  the 
Zn^  concentration  will  be  maintained  and  the  dif- 
frision  process  proceeds  faster.  For  these  two  rea¬ 
sons  the  speed  of  the  Zn  diffiision  frront  is  controlled 
by  the  Ga  vacancy  concentration.  This  explains  why 
the  SQW  did  not  intermix  imder  the  Zn  and  As  ov¬ 
erpressure  condition  but  is  subject  to  easy  compo¬ 
sitional  disordering  in  an  Ga  overpressure  environ¬ 
ment  These  results  confirm  the  interstitial 
substitutional  mechanism  of  interdiffusion  and  in 
the  case  of  Zn  impurity  induced  disordering  neither 
Ga  or  As  overpressure  is  effective  in  substantially 
slowing  the  intermixing  (unless  the  Zn  diffusion  front 
is  prevented  frrom  reducing  the  QW). 


CONCLUSION 

The  interdiffusion  coefficient  and  activation  ener¬ 
gies  have  been  determined  for  the  interdiffusion  of 
and  Ga  under  the  conditions  of  excess  Ga,  excess 
As  or  no  excess  overpressure.  These  results  were  ob¬ 
tained  by  measuring  the  shifts  in  the  photolumi¬ 
nescence  peaks  and  correlating  the  data  with  a  so¬ 
lution  to  Schrddinger’s  equation  with  the  potential 
determined  by  an  error  frinction  composition  profile 
of  the  In  mole  fraction.  The  interdiffusion  coeffi¬ 
cient  oT  Li  and  Ga  is  a  fimction  of  In  composition, 
annealing  environments  and  layer  structure.  In  the 
As  overpressure  case,  the  higher  In  concentration 
in  the  ^W  exhibits  a  larger  diffusion  coefficient. 
On  the  contrary,  high  In  composition  InGaAs-GaAs 
is  more  stable  under  Ga  overpressure  annealing. 
Even  the  highest  interdiffusion  rate  associated  with 
Ga  overpressure  is  still  less  than  the  diffusion  rate 
associate  with  As  pressure.  Samples  with  a  clad- 
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ding  layer  (AlGaAs)  also  show  a  higher  interdififu- 
sion  coeflicient  of  In  and  Ga.  With  respect  to  the 
impurity-induced  disordering  of  InGaAs-GaAs  by  Zn 
(elemental  or  ZnAsj  source).  It  was  not  possible  to 
substantially  slow  the  interdiffusion  with  a  Ga  or 
As  overpressure  (unless  the  overpressure  condition 
prevent^  the  Zn  diffusion  front  from  reaching  the 
quantum  well).  It  is  encouraging  that  the  pseudo- 
mosphic  strained  layer  heterostructure  can  be  pre¬ 
served  at  high  growth/processing  temperature 
without  requiring  the  deposition  of  encapsulants  if 
the  appropriate  overpressure  conditions  are  pro¬ 
vided. 
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Diffusion  of  Zinc  into  GaAs  Layers  Grown  by  Molecular 
Beam  Epitaxy  at  Low  Substrate  Temperatures 

Y.  K,  SIN,  Y.  HWANG,  T.  ZHANG  and  R  M.  KOLBAS 

Department  of  Electrical  and  Computer  Engineering 
North  Carolina  State  University,  l^leigh,  N.C.  27695-7911 

We  report  the  diffusion  of  zinc  into  low  temperature  (LT)  GaAs  grovm  by  MBE  at  200°  C, 
the  problems  associated  with  using  a  silicon  nitride  film  directly  deposited  on  the  LT 
GaA^  as  a  Zn  diffusion  mask,  and  several  schemes  to  avoid  the  problems.  The  Zn  dif¬ 
fusion  coefficient  is  measured  (sealed-ampoule  technique)  to  be  alwut  one  order  of  mag¬ 
nitude  higher  in  the  LT  GaAs  than  in  normal  GaAs,  attributed  to  a  large  quantity  of 
defects  including  arsenic  antisites  (Asg«)  in  the  LT  GaAs.  The  effectiveness  of  silicon 
nitride  as  a  Zn  (hffusion  mask  depends  if  the  mask  is  deposited  directly  on  the  LT  GaAs. 
The  failure  of  the  nitride  directly  deposited  on  the  LT  GaAs  to  stop  the  Zn  is  attributed 
to  arsenic  atoms  outdiffusing  from  the  As-rich  LT  GaAs  (about  1  at.  %  excess  As)  into 
the  nitride.  Several  structures  are  introduced  including  a  100-A  thick  GaAs  layer  on 
the  LT  GaAs  that  are  effective  in  preserving  the  diffusion  mask  properties  of  the  silicon 
nitride. 

Key  words:  Zn  diffusion,  LT  GaAs,  Si3N4,  MBE 


1.  INTRODUCTION 

In  recent  years,  GaAs  layers  grown  by  molecular 
beam  epitaxy  (MBE)  at  low  substrate  temperatures 
(200°  C,  LT  GaAs)  have  found  an  increasing  num¬ 
ber  of  applications  both  in  electronics  and  optoelec¬ 
tronics.  The  LT  GaAs  layers  have  been  employed  as 
buffer  layers  for  GaAs  metal-semiconductor  field-ef- 
fect  transistors  (MESt'ETs).*"®  GaAs  MESFETs  with 
a  low  temperature  buffer  layer  (LTBL)  exhibited  re¬ 
duced  sidegating  effects,  increasing  the  packing 
density  of  transistors.  Sidegating  is  the  reduction  in 
the  drain-source  current  of  a  as  a  result  of  a 
bias  applied  to  an  acUacent  device.*'®  More  recently, 
a  substantial  enhancement  of  the  breakdown  volt¬ 
age  of  a  GaAs  MESFET  has  been  demonstrated  by 
using  LT  GaAs  svirface  layers.®  LT  GaAs  has  also 
been  used  in  optoelectronic  devices  such  as  photo¬ 
conductors  and  a  very  high-speed  photoconductive 
response  was  observed.''-’ 

&me  remarkable  features  of  the  LT  GaAs  in¬ 
clude  (1)  very  weak  photoluminescence  (PL),^*®  (2) 
very  high  resistivity,'-’  (3)  an  As-rich  stoichiometry 
(GaAsi.oi),*®  (4)  a  large  quantity  (greater  than  10“/ 
cm®)  of  an  EL2-like  deep  level  (probably  AsgJ,‘°"“ 
and  (5)  a  density  of  10”  -  lO'VcJn®  of  arsenic  pre¬ 
cipitates.*® 

This  paper  reports  the  difiusion  of  zinc  into  LT 
GaAs  grown  by  MBE  at  200°  C.  We  also  investigate 
the  use  of  a  silicon  nitride  film  directly  deposited 
on  the  LT  GaAs  as  a  Zn  difiusion  mask  and  offer 
several  schemes  to  avoid  problems  associated  with 
using  such  a  film. 


(R«ceiv«d  January  18,  1991) 


2.  EXPERIMENTAL  METHODS 

The  samples  used  in  this  study  were  all  grown  by 
molecular  beam  epitaxy  (MBE,  Varian  360).  The 
control  sample  (sample  A)  was  an  undoped  liquid- 
encapsulated  Czochralski  (LEG)  (SaAs  substrate.  The 
LT  GaAs  samples  were  grown  at  200°  C  and  the 
growth  rate  was  about  1  laa/hr.  The  growth  tem¬ 
perature  was  measured  accurately  using  a  ther¬ 
mocouple  imbedded  in  the  heater  block.  After  the 
LT  GaAs  was  grown,  a  stop  growth  was  employed 
to  aimeal  the  sample  at  580°  C  for  10  min  under  As 
overpressure  and  then  the  next  layers  were  grown 
successively.  Four  samples  were  grown  as  follows. 
Sample  B  -  a  3-pm  thick  LT  GaAs  layer  on  an  un¬ 
doped  GaAs  substrate,  sample  C  -  a  l-/im  thick 
GaAs  layer  on  a  3-ftm  thick  LT  GaAs  layer  grown 
on  a  Si-doped  GaAs  substrate,  sample  D  -  an  87-A 
GaAs  quantum  well  sandwiched  by  0.5-/tm  thick 
Alo.3Gao.7As  layers  on  a  0.2-^m  thick  LT  GaAs  layer 
grown  on  an  imdoped  GaAs  substrate,  and  sample 
E  —  a  100-A  thick  GaAs  layer  on  a  2-/xm  thick  LT 
GaAs  layer  grown  on  a  Si-doped  GaAs  substrate. 

The  silicon  nitride  was  deposited  by  plasma  en¬ 
hanced  chemical  vapor  deposition  (PECVD).  The 
deposition  temperature  was  fixed  at  350°  C  for  all 
of  the  samples  throughout  this  experiment.  The  re- 
fr-active  index  and  ^ckness  of  the  silicon  nitride 
films  were  about  2.0  and  1500  A,  respectively.  Stan¬ 
dard  photolithc^ps^hy  was  employed  to  defiiw  stripe 
patterns  (windows  for  Zn  difiusion,  the  width  of  the 
stripe  was  about  150  /un)  and  the  silicon  nitride  films 
were  etched  by  reartive  ion  etching  (RIE)  with  a 
mixture  of  CF4  and  O2.  In  addition,  the  LT  GaAs 
layer  was  etched  with  deionized  (DI)  water-diluted 
clorox  (clorox:DI  water  =1:4)  and  the  etching 
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rate  was  about  10  A/sec  at  room  temperature  with¬ 
out  agitation. 

Zinc  was  diflused  by  a  sealed-ampoule  technique. 
ZnAS]  was  used  as  a  Zn  diffusion  source,  and  a  weight 
of  about  5  mg  of  ZnAsa  (to  provide  an  As-overpres- 
sure  of  alx}ut  450  Torr,  see  Ref.  14)  was  used  for  an 
ampoule  of  about  4  cc.  The  amount  of  the  source 
material  was  kept  to  about  1  mg/cc,  so  equal  Zn 
diffusion  rates  were  expected  reganlless  of  the  size 
of  the  samples.  Zn  was  diffused  in  a  furnace  at  650°  C 
for  12  hr  for  all  of  the  samples  used  in  this  study. 
After  the  Zn  diffusion  was  performed,  the  sample 
was  cleaved  and  stained  with  an  A-B  etchant,^^  and 
the  Zn  diffusion  profile  was  observed  with  a  No- 
marski-contrast  optical  microscope. 

In  preparation  for  77K  PL  (photoluminescence) 
measiirements,  small  sections  of  the  samples  were 
pressed  into  a  layer  of  indium  on  a  copper  plug** 
and  cooled  to  77K  in  a  liquid  nitrogen  dewar.  An 
argon  laser  beam  (A  =  5145  A)  was  focused  on  the 
sample  surface,  and  the  luminescence  was  mea¬ 
sured  using  a  0.5-m  spectrometer  and  a  cooled  S-1 
photomultiplier. 

3.  RESULTS  AND  DISCUSSION 

3.1  Zn  Diffusion  Coefficient  in  LT  GaAs 

The  Zn  diffusion  profile  for  sample  B  is  shown  in 
Fig.  1.  The  left-hand  side  was  etched  for  the  ease  of 
comparing  Zn  diffusion  rates  in  undoped  GaAs  and 
LT  GaAs.  The  two-boundary  diffusion  model  with 
constant  diffusion  coefficient  was  used  to  calculate 
the  Zn  diffusion  rates  in  the  LT  GaAs  and  undoped 
(^lAs.”’**  Tlie  Zn  diffusion  rate  in  the  undoped  GaAs 
could  be  evaluated  in  the  region  where  the  LT  GaAs 
was  completely  etched.  As  shown  in  the  schematic 
diagram  of  Fig.  1,  the  Zn  diffiiaad  all  the  way  through 
the  3-Mm  thick  LT  GaAs  into  the  undoped  GaAs 
substrate.  The  Zn  diffusion  rate  in  the  LT  GaAs  layer 
(Dzn  =  1.3  X  10"**  cm*/sec)  was  calculated  to  be 
about  nine  times  faster  than  that  in  imdoped  GaAs 
(Dzn  -  1-5  X  10“‘*  cm*/sec).  The  faster  Zn  diffusion 
rate  in  the  LT  GaAs  is  attributed  to  the  presence 
of  a  large  number  of  defects  including  arsenic  an¬ 
tisites  (Asg.)  in  the  GaAs  layer  grown  at  the  low 
substrate  temperature  of  200°  C.  2b  has  been  shown 
to  diffuse  much  faster  in  GaAs  with  a  lot  of  defects 
than  in  GaAs  vdth  fewer  defects  because  the  defects 
provide  high  diffosivity  paths  or  short  circuit  paths.** 
The  dependence  of  Zn  diffusion  rate  on  the  number 
of  defects  is  also  evidenced  by  the  fact  that  a  slower 
Zn  diffusion  rate  was  observed  in  an  In-doped 
AlGaAs  layer  compared  to  AlGaAs,***  attributed  to 
a  reduced  defect  density  (fewer  Ga  vacancies,  for  ex¬ 
ample)  made  possible  by  isoelectronic  In  doping.** 
A  similarly  slow  Be  diffusion  rate  was  observ^  fiom 
In-doped  AlGaAs.** 

32  Photoluminescence  (PL) 

The  77K  PL  data  were  taken  for  sample  B  before 
and  after  the  Zn  diffusion  at  650°  C  for  12  hrs.  The 
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Fig.  1  —  Optical  photomicrograph  of  a  cleaved  and  stained  croas- 
section  of  a  sample  with  a  3-Mm  thick  LT  GaAs  layer  on  an  im¬ 
doped  GaAs  substrate  (sample  B)  after  Zn  difiiision.  On  the  left- 
hand  aide  of  the  sample,  the  LT  GaAs  was  etched  for  the  purpoee 
of  estimating  the  Zn  diffiuion  coefiBcient  in  the  LT  GaAs.  Sdie- 
matic  cross-section  is  also  riiown  with  thicknesses  of  the  layers 
labeled. 


PL  peaks  were  measured  at  8500A  (1.462  eV)  for 
both  cases.  The  full  widths  at  half  maximum 
(FWHM’s)  for  the  as-grown  and  Zn-diffused  LT  GaAs 
layers  were  meastir^  to  be  307  and  211  meV,  re¬ 
spectively.  A  high  input  power  of  250  mW  fix>m  the 
argon  ion  laser  was  focused  on  the  surface  of  the 
sample  to  obtain  reasonable  data,  which  may  ac¬ 
count  for  why  we  could  observe  PL  and  others  could 
not  Tlie  PL  intensily  was  about  twice  as  strong  from 
the  Zn-diffused  sample.  For  LT  GaAs  layers  grown 
at  300-450°  C,  the  near  band  gap  PL  peak  has  been 
measured  at  approximately  1.5  eV  at  5  K.*  The  dif¬ 
ference  of  about  160A  in  the  wavelength  in  the  PL 
peaks  between  two  measurements  can  be  explained 
by  more  defects  in  the  layers  grown  at  a  lower  growth 
temperature  of  200°  C. 

High  temperature  annealing  experiments  were 
also  perform^  on  the  other  LT  GaAs  samples  grown 
at  different  times.  Annealing  was  done  by  the  same 
sealed-ampoule  technique  under  no-.  As-,  and  Ga- 
overpressure  conditions  at  850°  C  for  0  hr.  These 
annealing  conditions  seem  to  remove  tb<  optical  de¬ 
fects  re^nsible  for  the  veiy  weak  PL  ii  t^tosity  from 
the  as-grown  LT  GaAs.  The  77  K  PL  pe'-'t  was  ob¬ 
served  at  8500A  after  an  anneal  under  no  over¬ 
pressure,  whereas  the  77  K  PL  peaks  were  mea¬ 
sured  at  8280A  after  an  anneal  under  As  or  Ga 
overpressure.  The  wavelength  of  8280A  corresponds 
to  a  slightly  p-doped  GaAs. 
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33  Electrical  Resistivity 

Electrical  resistivities  of  the  LT  GaAs  were  mea¬ 
sured  before  and  after  the  Zn  diffusion  of  sample  B 
with  a  four  point  probe.  A  reduction  in  resistivity 
was  observed  after  the  Zn  diffusion.  Prior  to  the  dif¬ 
fusion  the  resistivity  was  too  high  to  accurately 
measure,  but  after  ^e  Zn  diffusion  the  LT  GaAs 
had  a  resistivity  of  2  x  10”®  /2-cm  that  corre¬ 
sponded  to  a  hole  mobility  of  31  cm‘/V-sec  assum¬ 
ing  a  Zn  concentration  of  10^  cm~^  (see  Ref.  23). 
Another  group  reported  no  reduction  in  resistivity 
from  LT  GaAs  doj^  with  Si  (greater  than  10‘B/cm^) 
after  annealing  at  600° 

3.4  Silicon  Nitride  as  a  Zn  Diffusion  Mask 

Cleaved  and  stained  cross-sections  of  samples  A 
and  B  after  the  Zn  diffusion  are  shown  in  Fig.  2. 
The  samples  shown  in  Fig.  2(b)  and  (c)  underwent 
the  plasma  nitride  deposition  and  Zn  diffusion  at 
the  same  time  for  a  fair  comparison.  As  shown  in 
Fig.  2(c),  the  nitride  film  on  the  undoped  GaAs  sub¬ 
strate  was  a  good  Zn  diffusion  mask.  However,  as 
can  be  seen  ^m  Fig.  2(a)  and  (b),  the  nitride  on 
the  LT  GaAs  was  unable  to  ston  the  Zn.  and  this 


Fig.  2  —  Optical  photomierographa  of  cleaved  and  stained  croes- 
sections  of  samples  A  and  B.  Smple  A  is  a  control  sample,  an 
undoped  GaAs  substrate  (Fig.  2(c)).  Figure  2(a)  and  (b)  are  ^m 
sample  B  with  the  S-^m  thick  LT  GaAs  layer.  Two  separate  pro¬ 
cessing  runs  were  performed  for  (a),  and  (b)  and  (c),  respectively. 
The  nitride  on  the  LT  GaAs  was  unable  to  stop  the  Zn  (Fig.  2(a) 
and  (b)),  whereas  the  nitride  on  undoped  GaAs  substrate  could 
stop  the  Zn. 


result  was  observed  several  times  on  different  waf¬ 
ers  with  different  silicon  nitride  depositions.  A 
schematic  diagram  of  the  Zn  diffusion  profile  for 
sample  B  is  shown  in  Fig.  3.  The  failure  of  the  ni¬ 
tride  film  on  the  LT  Ga^  to  stop  the  Zn  is  attrib¬ 
uted  to  arsenic  atoms  outdiffusing  from  the  As-rich 
LT  GaAs  (GaAsi.oi  or  about  1  at.  %  excess  arsenic) 
into  the  nitride.  Tlie  outward  diffusion  of  arsenic  at¬ 
oms  from  the  underlying  GaAs  into  the  nitride  has 
previously  been  reported  as  one  of  the  reasons  for 
the  failure  of  nitride  as  an  encapsulant  on  stoichio¬ 
metric  GaAs.^  Adding  impurities  to  dielectrics  has 
profoimd  effects  on  their  diffusion  mask  character¬ 
istics  as  evidenced  by  one  group’s  findings  that  the 
amount  of  Zn  lateral  diffusion  could  be  changed  by 
adjusting  the  amount  of  PjOs  added  to  the  silicon 
oxide  film.^*  They  found  that  the  lateral  diffusion 
of  Zn  was  typically  an  order  of  magnitude  larger 
than  the  junction  depth  for  all  oxide  compositions, 
but  showed  a  marked  reduction  for  oxides  with  17- 
20%  P2O5  by  weight. 

Several  methods  were  tried  to  find  ways  to  avoid 
the  above  problem.  Cleaved  and  stained  cross-sec¬ 
tions  of  samples  C  and  D  after  the  Zn  diffusion  are 
shown  in  Fig.  4(a)  and  (b).  As  shown  in  Fig.  4(a), 
the  l-/im  thi^  GaAs  layer  deposited  on  the  LT  (jsAs 
was  effective  in  preserving  the  diffusion  mask  prop¬ 
erties  of  the  silicon  nitride.  Likewise  the  l-/im  thick 
AlGaAs  layer  was  also  very  effective  as  shown  in 
Fig.  4(b).  Schematic  diagrams  of  the  Zn  diffusion 
profiles  for  samples  C  and  D  are  shown  in  Fig.  5.  A 
structure  with  a  100-A  thick  GaAs  layer  on  the  2- 
fjLia  thick  LT-GaAs  layer  (sample  E)  was  also  stud¬ 
ied  (data  not  shown  here).  Like  samples  C  and  D, 
the  100-A  layer  of  GaAs  in  sample  E  was  also  ef¬ 
fective  in  preserving  the  diffusion  mask  properties 
of  the  silicon  nitride.  A  portion  of  sample  E  was 
etched  with  a  solution  of  H2S04Jl202:H20  =  8:1:100 
for  30  sec  to  remove  approximately  250-500  A  from 
its  surface.”  The  samples  with  and  without  the  top 
100-A  thick  GaAs  layer  underwent  processing  at  the 
same  time,  and  the  two  samples  were  compart  The 
nitride  on  the  sample  with  the  100-A  thick  GaAs 
layer  was  effective  in  stopping  the  Zn,  whereas  the 
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Fig.  3  —  Schematic  croes-aection  of  the  Zn  difitued  sample  with 
the  3-fim  thick  LT  GaAs  layer  (Fig.  2(a)  and  (b)).  The  diagram 
illustrates  that  the  nitride  on  the  LT  GaAs  could  not  stop  the 
Zn. 
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(b) 


Fig.  4  —  Optical  photomicrograph  of  cleaved  and  atained  croes- 
aectiona  of  samples  C  and  D.  With  1  |tm  of  GaAa  on  top  of  3  itm 
of  LT  GaAs  (Fig.  4(a),  sample  C),  or  an  AlGaAs/GaAs  hetero* 
structure  on  top  of  0.2  of  LT  GaAa  (Fig.  4(b),  sample  D).  Tlie 
nitride  acts  as  a  good  diffiision  mask. 


n  -  CaAs  Substrate 


(a) 


(b) 

Fig.  6  — Schematic  cross  sectiwis  of  the  Zn-difRiaed  samples  shown 
in  Fig.  4.  Figure  CKa)  oorreqwnds  to  sample  C  (1  «im  o(  GaAs  on 
top  ^  3  iim  oi  LT  GaAa)  a^  Fig.  5(b)  coireqwnda  to  sample  D 
(an  AlGaAs/GaAa  heterostructure  on  top  of  0.2  fim  of  LT  GaAs). 
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nitride  on  the  same  wafer  but  without  the  100-A 
^ck  GaAs  layer  was  unable  to  sfa^  the  Zn. 

To  see  if  100  A  of  GaAs  can  make  such  a  big  dif¬ 
ference  consider  the  self-difftision  coefficient  (D)  of 
As  which  is  given  by,** 

D  =  Dq  exp(-Q/kT) 

where  Do  is  a  temperature  independent  factor  and 
Q  is  the  activation  energy  for  the  atomic  jump 
mechanism.  For  As  diffiision  in  GaAs,  Do  and  Q  are 
0.7  cm^/aec  and  3.2  eV,  respectively.”  Tlie  self-dif¬ 
fusion  coefficient  of  As  in  GaAs  is  estimated  to  be 
3  X  10~”  em^/8ee  at  650”  C  firom  the  above  equa¬ 
tion.  Tims,  the  diffusion  length  of  As  in  GaAs  is  atout 
40  A  after  the  Zn  diffusion  at  650”  C  for  12  hrs.  It 
would  appear  that  allovdng  the  excess  As  to  reach 
the  silicon  nitride  film  severely  degrades  its  use- 
fullness  as  a  Zn  diffusion  mask. 

Device  Applications 

Two  facts  suggest  that  LT  GaAs  will  be  very  use¬ 
ful  for  semico^uctor  lasers  since  current  confine¬ 
ment  and  heat  dissipation  are  very  critical  for  a  low 
laser  threidiold,  high  modulation  spe^  and  high 
power  operation  in  these  devices.  First,  a  much 
hi^er  electrical  resistivity  is  obtained  from  LT-GaAs 
compared  to  undoped  GaAs.*  And,  secondly,  better 
thermal  conductivity”  and  a  better  tiiermal  expan¬ 
sion  coefficient  are  expected  fiem  LT  GaAs  com¬ 
pared  to  dielectrics  such  as  silicon  nitride  or  silicon 
dioxide.  Also,  a  better  temperature  dependence  of 
laser  threshold  and  lasing  wavelength  is  expected 
due  to  a  better  thermal  impedance.  We  are  now  in 
the  process  of  developing  laser  diodes  with  the  LT 
GaAs  and  the  results  will  be  published  elsewhere. 


4.  SUMMARY 

The  Za  diffiision  coefficient  in  LT  GaAs  has  been 
measured  using  the  two-boundary  diffusion  model 
and  found  to  be  about  one  order  of  magnitude  higgler 
than  in  undoped  GaAs.  The  faster  Zn  diffusion  is 
attributed  to  a  large  quantity  of  defects  including 
arsenic  antisities  in  the  LT  GaAs.  The  77K  photo¬ 
luminescence  data  taken  before  and  after  Za.  dif¬ 
fusion  have  the  same  emission  peaks  at  8500  A  but 
the  diffiision  reduces  the  halfwidth  of  the  emission 
peak.  Electrical  resistivities  measured  before  and 
after  the  Zn  diffusion  show  a  reduction  in  the  re¬ 
sistivity.  The  failure  of  the  silicon  nitride  film  di¬ 
rectly  deposited  on  the  LT  GaAs  to  stop  the  Zn  is 
attritnited  to  arsenic  atoms  outdiflusing  from  the  As- 
rich  LT  GaAs  into  the  nitride  film.  Several  struc¬ 
tures  were  grown  including  samples  with  a  100-A 
thick  GaAs,  a  l-/im  thick  GaAs,  and  about  a  l-/xm 
thick  AlGaAs  layer  separating  the  LT  GaAs  firom 
the  silicon  nitride.  All  of  these  layers  grown  on  the 
LT  GaAs  were  effective  in  preserving  the  diffusion 
mask  characteristics  of  the  silicon  nitride.  This  suc¬ 
cess,  with  as  little  as  100  A  of  GaAs,  is  consistent 
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with  the  aaaumption  that  As  outdifiusion  is  respon¬ 
sible  for  the  failure  of  the  SiN  mask. 
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Monolayer  Thick  GaSbAs-GaAs  stxalned  Layer  Quantun  Well  Lasers 
J.H.  Lee,  T.  Zhang,  and  R.M.  Kolbas 
Department  of  Electrical  and  Computer  Engineering 
North  Carolina  State  University 
Raleigh,  North  Carolina  27695-7911 

Strained  layer  GaSbAs-GaAs  quantum  wells  have  the  potential 
for  longer  emission  wavelengths  than  InGaAs-GaAs  quantum  wells 
even  though  E^  (GaSb)  >E^  (InAs)  and  the  lattice  mismatch  is 
worse.  Longer  wavelength  (lower  energy)  emission  is  possible 
because  of  the  large  valence  band  discontinuity.  In  this  work  we 
report  the  growth  and  operation  of  strained  layer  GaSbAs-GaAs 
quantxim  well  lasers. 

The  energy  bands  for  an  AlGaAs-GaAs-GaSb  type  II 

heterostructure^  are  shown  in  Fig.  1.  Note  that  electrons  are 

confined  in  the  GaAs  confining  layers  (or  in  a  shallow  GaSbAs 

well)  with  relatively  small  bound  state  energies  while  the  holes 

are  confined  in  the  GaSb  (or  GaSb/^)  well.  Recombination  occurs 

as  long  as  the  electron  and  hole  wave  fimctions  overlap  which  is 

2 

possible  even  for  a  staggered  real  space  transition. 

The  epitaxial  layers  were  deposited  by  molecular  beam 
epitaxy  (HBE)  on  100-oriented  GaAs  substrates  as  follows:  1)  a 
SOOOA  AIq  3GaQ  yAs  cladding  layer  (686  *C) ;  2)  500A  GaAs 
confining  layers  grown  at  630,  600,  or  550  **C.  3)  a  one 

monolayer  thick  GaSb  quantum  well  at  630,  600,  550,  or  450  **C, 
after  a  10  minute  interruption  to  decrease  the  background  arsenic 
to  below  10“^  Torr;  4)  finally,  a  5000A  AIq  3GaQ  ^As  top 
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cladding  layer  (686  *C) .  Details  are  in  reference  2. 

Photoluminescence  (77K)  from  samples  grown  at  various 
substrate  temperatures  but  the  same  flux  ratio  W^Ga  (  =  3) 
are  shown  in  Fig.  2.  The  two  samples  grown  at  the  lowest 
temperatures  exhibit  broad  and  weak  luminescence  peaks  from  the 
quantum  well  and  the  GaAs  confining  layers  due  to  the  onset  of 
three  dimensional  growth  or  the  poor  quality  of  the  confining 
layers  grown  at  too  low  a  temperature.  At  higher  growth 
temperatures.  Fig.  2  (c)  and  (d) ,  the  pezdcs  are  much  stronger  and 
narrower  but  the  quantum  well  emission  peaks  are  shifted  to 
higher  energies  with  increasing  growth  temperature.  The  shift  is 
due  to  the  incorporation  of  As  in  the  GaSb  layer. 

To  investigate  the  source  of  the  As  incorporation  additional 
samples  were  prepared  with  Fsb/^’Ga  *  3  10  at  600  •€.  The 

photoluminescence  from  these  samples  were  nearly  identical 
indicating  a  weak  dependence  on  the  Fsb^^Ga 
10) .  Comparison  of  a  number  of  different  growth  times  and 
temperatures  indicated  that  diffusion  can  only  account  for  a 
small  portion  of  the  shift.  The  As  incorporation  appears  to  be 
due  to  the  fact  that  GaSb  grown  at  elevated  temperatures  is 
Ga-rich  and  the  nonstoichiometric  GaSb  quantum  well  incorporates 
the  excess  As  present  when  the  top  GaAs  confining  layer  is 
deposited. 

Spontaneous  and  stimulated  emission  (77K)  spectra  from  a 
platelet  taken  from  a  separate  confinement  single  quantum  well 
sample  are  shown  in  Fig.  3.  At  an  excitation  level  of  4.1 
kW/cm^  kA/cm^)  laser  modes  are  clearly  evident 
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from  the  quantum  well.  At  high  excitation  levels  the  emission 

from  the  well  dominates  even  as  the  GaAs  confining  layers  begin 

to  lase.  Despite  the  As  incorporation  the  resulting  quantum  well 

can  support  stimulated  emission  at  longer  wavelengths  than  InAs 

2 

wells  of  comparable  thickness. 

High  quality  monolayer  thick  strained  layer  GaAs-GaSbAs 
quantum  well  lasers  can  be  prepared  in  an  AlGaAs-GaAs  separate 
confinement  heterostructure.  Laser  thresholds  are  comparable  to 
other  monolayer  thick  lasers  and  the  emission  wavelengths  are 
longer  than  those  from  comparable  thickness  InAs-GaAs  quantum 
wells. 
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Figure  Captions 


Figure  1.  Energy  band  diagran  for  a  strained  AlGaAS'-GaiAs-GaSb 
separate  confinement  heterostructure.  The  calculated  band 
discontinuities  for  the  GaAs-GaSb  interface  are  AE^“670meV  and 
AE  »-25meV  which  results  in  a  type  II  hetero junction.  Note 

w 

that  the  quantized  electron  energy  states  will  be  much  smaller 
than  those  in  the  InAs-GaiAs  system. 

Figure  2.  Photoluminescence  spectra  (77K)  from  samples  (see  Fig. 
1)  prepared  at  different  growth  temperatures.  The  peaks  at  822oA 
are  from  the  GaAs  confining  layers.  The  shift  in  the  quantum 
well  emission  wavelength  is  attributed  to  the  incorporation  of  As 
in  the  GaSb  quantum  well. 

Figure  3.  Spontaneous  and  stimulated  emission  spectra  (77K)  from 
a  one  monolayer  GaSb^.^As^'-GaAs-AlQ  7^^  separate 
confinement  heterostructure.  Note  that  the  threshold  is  quite 
low  considering  that  the  quantum  well  is  much  narrower  than  the 
scattering  path  length  of  an  electron  or  hole.  Also,  note  that 
the  emission  wavelength  is  longer  than  comparable  thickness 
InAs-GeiAs  quantum  wells. 


(Lee,  Zhang,  Kolbas) 


IfiT 


loA 

“lAEc 


H  K 

IML 

GaSb 


GaAs 


iC;isu9;ux  uoissiuig 


77  K  pulsed 
GaAs-GaSbi.yAs 


iC;isu9;ui  uoissiuig  aApBp^ 


Wavelength  (A) 


■LKTioN  Device  LEirees.  vol.  •!.  no.  a.  deccmber  iww 


Improved  Breakdown  Voltage  in  GaAs 
MESFET’s  Utilizing  Surface  Layers 
of  GaAs  Grown  at  a  Low 
Temperature  by  MBE 

L.-W.  YIN.  Y.  HWANG.  J.  H.  LEE.  ROBERT  M.  KOLBAS.  mbmbrr.  ieee.  ROBERT!.  TREW. 
»NIOR  MEMBER,  IEEE,  AND  UMESH  K.  MISHRA,  MEMBER,  IEEE 


Abunct—A  Mlal-MakMiAKtw  tM  tfcct  mMMor  ■Uliiiaa  mr- 
taee  iRytn  GbAi  growB  at  a  low  (tapcralBK  by  MU  (LT  GaAs) 
mmiu  Iht  gate  ilertfeea  bas  baaa  hbritalse.  Tbc  bigb  Ira#  4caiily  of 
LT  GaAs  rseacas  Iba  larfacc  laMs  of  Ibc  FET.  tapfttSMS  gale  kakagc. 
aa<  lawaasw  the  gata-Ma  bfeak4ai«ra  eoMagc  wttboat  McrMtelag 
carnal  Met  rapabMIy.  Aa  aadepwi  AlAs  hijrcr  is  taeorperatrt  bc- 
Iweea  Ibc  LT  GaAs  layer  aa4  Ibe  ebeaari  as  a  barrier  la  Ibc  eMMoa  of 
caceaa  As  froa  Ibc  LT  GaAs  layer  to  Ibe  ebaaad.  A  TS-pa  gatc-wMlb 
derkc  draaMlated  aa  lagterod  breakdowa  reltagr  of  34.IS  V  wMb  a 
«.  of  144  aS/aa  aad  aa  /«„  of  24«  mA/mm. 


I.  Introduction 

The  major  factor  limiting  the  microwave  power  that  can 
be  obtained  from  GaAs  MESFET’s  is  the  breakdown 
voltage  between  the  gate  and  the  drain  [1].  The  breakdown 
voltage  can  be  enhanced  by  a  combination  of  reducing  the 
doping  level  in  the  channel  and  using  recess  schemes  to 
alleviate  the  large  electric  field  at  the  drain  edge  of  the  gate 
[2],  [3].  This,  however,  reduces  the  availaUe  current  firom 
the  ^vice  and  hence  does  not  substantially  increase  the 
output  power.  At  first  suggested  by  Barton  and  Ladbrooke  [4] 
and  subsequently  formalized  by  Trew  and  Mishra  [S],  the 
electric  field  parallel  to  the  device  surface  at  the  gate  edge 
increases  untU  charge  is  injected  from  die  gate  metal  into 
adjacent  surface  states  in  the  semiconductor.  Trap-assisted 
cc^uction  along  the  surface  leads  to  leakage  and  subsequent 
breakdown.  If  the  surface  semiconductor  is  replaced  by  a 
material  which  a)  has  a  substantially  larger  critical  field  for 
breakdown,  b)  has  poor  surface  conductivity,  and  c)  is 
preferably  lattice  matched,  then  the  breakdown  voltage  of  the 
FET  shcmld  be  increased  substantially.  An  excellent  candi¬ 
date  for  this  layer  is  GaAs  grown  at  a  low  temperature  by 
MBE  (LT  GaAs)  [6],  developed  first  by  Calawa  et  al.  at 
M.I.T.  Lincoln  Laboratories. 
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This  LT  GaAs  layer  is  grown  at  -  200*C  by  MBE  and  is 
stabilized  by  an  in-situ  anneal  at  580*C.  The  current  under¬ 
standing  of  the  properties  of  this  layer  which  are  relevant  to 
electronic  ‘‘svices  are  listed  below  [6]: 

1)  the  LT  GaAs  grown  as  stated  is  a  single  crystal, 

2)  it  is  highly  resistive, 

3)  it  has  a  very  high  trap  density  (Nj-  >  10^'  cm~*),  and 

4)  the  material  has  approximately  1%  of  excess  arsenic 
as  determined  by  Auger  and  TEM  studies. 

In  this  work,  we  report  a  substantial  enhancement  of  the 
breakdown  voltage  of  GaAs  MESFET’s  without  sacrificing 
the  current  drive  capability  of  the  device.  This  was  achieved 
by  placing  a  LT  GaAs  layer  grown  by  MBE  under  die  gate 
electrode  and  extending  from  the  source  to  the  drain  of  the 
FET.  The  LT  GaAs  has  a  very  high  tr^  density  wfaidi 
suppresses  gate  leakage  and  alleviates  the  bieakdown  fwnpnd 
by  the  surface  fields  of  the  FET. 

n.  Device  Structure  and  Fabrication 

To  evaluate  the  increase  in  breakdown  voltage  that  is 
achieved  by  the  LT  GaAs  surftce  layers,  MESFET’s  were 
fabricated  on  two  wafers,  one  (samide  A)  with  die  surface 
layers  and  a  control  wafer  (sample  C)  with  no  surface  layers. 
Fig.  1  shows  a  schematic  cross  section  of  the  MESFET 
fabricated  on  sample  A.  The  epitaxial  layers  were  grown  by 
MBE  on  undoped  LEG  substrates.  First,  a  2()0-nm-thick 
undoped  buffer  layer  was  grown  at  S80*C  followed  by  a 
60-nm-thick  active  layer  defied  at  6  x  10'^  cm~^  and  an 
undoped  spacer  20  nm  thick.  The  surface  layers  consisted  of 
a  20-nin-thick  AlAs  layer  grown  at  680*C  a^  a  SO-nm-thick 
LT  GaAs  layer  grown  at  200*C.  The  wafer  was  annealed  at 
580*C  after  growth  to  stabilize  the  LT  GaAs  layer.  The 
doping  of  the  channel  was  controlled  to  yield  an  electron 
sheet  charge  and  mobility  as  determined  by  Hall  measure¬ 
ment  of  1.77  X  10'*  cm"*  and  3406  cm*  •  V"'  •  s"',  re¬ 
spectively,  for  wafer  C.  Wafer  A  had  a  mobility  n  of  2317 
cm*  ■  V~'s~'  and  a  sheet  charge  density  n,  of  3  X  10'* 
cm"*.  The  AlAs  was  crucial  in  preventing  undesired  com¬ 
pensation  of  the  underlying  channel  by  the  surfam  LT  GaAs. 
There  are  at  least  two  mechanisms  that  cause  this  instability. 
The  first  is  that  the  excess  arsenic  and  its  related  defects 
(e.g.,  Ga  vacancies)  within  the  LT  GaAs  can  difluse  into  the 
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n  GaAs  channel  60  nm 


undoped  GaAs  tuHtt  200  nm 


sami-insulaling  GaAs  substrate 


Fig.  I  ■  Device  structure  with  LT  GaAs  surface  layer. 


channel  and  compensate  doping  via  the  formation  of  traps 
such  as  AsGa  anti-sites.  The  second  is  that  as  the  temperature 
is  reduced  to  grow  the  LT  GaAs  on  top  of  the  GaAs,  excess 
arsenic  is  adsorbed  onto  the  GaAs  surface  due  to  the  reduced 
vapor  pressure  of  arsenic  at  the  lower  growth  temperature. 
This  uncompensated  As  is  trapped  by  the  overgrown  LT 
GaAs  and  is  forced  into  the  channel  by  the  in-situ  anneal  at 
580*C  required  to  stabilize  the  LT  GaAs.  Previous  work  [7) 
has  shown  that  these  problems  are  substantially  corrected  by 
utilizing  the  AlAs  layer  and  that  layers  without  the  AlAs 
barrier  were  completely  compensated. 

Devices  with  nominal  gate  lengths  of  1.2S  /im  were  fabri¬ 
cated  on  both  wafers  using  a  conventional  mesa  isolation 
technique  and  AuGeNi-based  alloyed  ohmic  contacts.  The 
gate  was  fabricated  by  lifting  off  Ti-Au  metal.  There  was  no 
gate  recess  used  in  either  case.  The  nominal  gate-source  and 
gate-drain  spacings  were  0.5  and  1.2S  fim  with  the  final 
values  being  determined  by  alignment  tolerances.  The  only 
difference  in  the  processing  of  the  two  wafers  was  that  the 
surface  layers  of  sample  A  were  etched  away  prior  to  evapo¬ 
rating  the  ohmic  contact  metals  to  facilitate  formation  of 
ohmic  contacts. 

ni.  Results  and  Discussion 

The  /-  V  characteristics  of  typical  devices  from  wafers  C 
and  A  are  shown  in  Figs.  2  and  3,  respectively.  The  maxi¬ 
mum  gate  voltage  is  -K).5  V  and  each  step  of  the  applied  gate 
voltage  is  -0.5  V.  The  device  from  control  wafer  C  had  an 
/j„  of  160  mA/mm  and  a  nominal  transconductance  g„  of 
144  mS/mm.  The  gate-drain  breakdown  voltage,  measured 
at  a  gate  current  of  1  mA/mm,  was  21.32  V.  In  contrast,  the 
device  with  the  LT  GaAs  capping  layers  had  a  large  of 
248  mA/mm  with  a  comparable  g„  of  144  mS/mm.  In 
addition,  the  gate-drain  breakdown  voltage  was  increased 
substantially  to  34.85  V.  This  enhancement  in  breakdown 
voltage  is  caused  by  the  surface  layers  of  AlAs  and  LT 
GaAs.  Past  work  [8],  [9]  has  shown  that  utilizing  a  wide- 
bandgap  material  under  the  gate  (typically  a  60-nm-thick 
layer  of  Alo.4Gao  (As)  has  enhanced  the  breakdown  voltage 
of  the  MESFET  by  approximately  5  V  for  comparable  struc- 


Fig.  2.  Currem-voluge  chAracieristics  of  a  device  from  the  control  wafer 
C.  The  maximum  gale  voltage  is  -fO.S  V  with  each  gate  voltage  step  being 
-0.5  V. 


Fig.  3.  Current -voltage  characteristics  of  a  device  with  a  LT  GaAs  turAKC 
layer  (wafer  A).  The  maximum  gale  voltage  is  +C.5  V  with  each  gate 
voltage  step  being  -0.5  V. 


Fig.  4.  Relationship  between  the  gate-drain  breakdown  voltage  and  the 
gate-drain  separation  for  devices  from  wafers  A  and  C. 


tures.  We,  therefore,  attribute  the  substantial  increase  in 
breakdown  voltage  primarily  to  the  LT  GaAs  layer. 

Fig.  4  shows  the  relation  between  the  gate-drain  break¬ 
down  voltage  and  the  gate-drain  separation  for  devices  from 
wafers  A  and  C.  The  g„  for  devices  from  wafers  A  and  C 
range  from  a  minimum  of  120  and  128  mS/mm,  respec¬ 
tively,  to  a  maximum  of  144  mS/mm.  For  devices  from 
control  wafer  C,  ranges  from  192  to  200  mA/mm, 
whereas  the  of  devices  from  wafer  A  ranged  from  240  to 
260  mA/mm.  It  can  be  seen  that  the  devices  with  the  LT 
GaAs  surface  layer  have  a  substantially  larger  gate-drain 
breakdown  voltage  without  sacrificing  current  drive. 

rv.  Conclusion 

A  substantial  enhancement  of  the  breakdown  voltage  of 
GaAs  MESFET’s  has  been  achieved  without  sacrificing  the 
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current  drive  capability  of  the  device.  This  was  due  to  the 
utiliMtion  of  surface  layers  of  AlAs  and  LT  GaAs  extending 
frofli  the  source  to  the  drain  and  under  the  gate  of  the 
MESFET.  The  large  breakdown  voltage  achieved  with  the 
small  gate-drain  spacing  is  very  important  for  self-aligned 
technologies  and  may  stimulate  a  major  advance  in  the  power 
handling  capability  of  MESFET’s. 
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Optoelectronic  Properties  of  GaN, 
AlGaN  and  AlGaN-GaN 
Quantum  Well  Heterostructures 
R.  ML  KoltMS  and  S.  Krishnankutty 
North  Carolina  State  University.  Raleigh,  NC 
27695-7911 

The  dramatic  advances  in  wide 
bandgap  semiconductors  since  the  mid  1980s 
have  been  driven  by  new  developments  in 
growth  processes,  new  requirements  for  high 
power  and  high  temperature  operation  and 
radiation  hardness,  and  the  desire  for  blue 
and  ultraviolet  optoelectronic  devices. 
AlxGai-xN  has  a  direct  bandgap  (3A-6.2 
eV).  a  large  and  sh^  optical  absorption 
edge,  a  large  radiative  recombination 
coefficient,  a^  is  quite  hard  and  stable  in 
chemical  envirotunents  and  at  elevated 
temperatures.  Challenges  in  the  continued 
development  of  the  AlGaN  material  system 
are  the  lack  of  a  native  substrate,  hi^  n-type 
carrier  concentrations  in  epitaxial  films  and 
controlled  p-doping.  In  this  paper  we 
describe  the  optical  properties  that  have  been 
achieved  with  MOCVD  grown  AlGaN  on 
sapphire  substrates  and  the  diffusion  of  zinc 
into  these  GaN  epitaxial  layers. 

For  GaN  samples  with  carrier 
concentrations  less  than  1x10^  ^/cm^  a  low 
intensity  peak  ^proximatelv  70  meV  down 
from  the  main  peak  (attributed  to  a  TO 
phonon  replica)  can  be  observed  as  shown  in 
Hg.  1.  For  GaN  samples  with  a  background 
doping  less  than  IxlO^^/cm^  features 
identified  as  excitonic  in  nature  (A  and  C  in 
Fig.  1)  by  (Sershenzon  and  co-woikers  can  be 
ol^rved  at  77K.  Typical  linewidths  are  25 
meV  at  77K  for  AlxGai-xN  (x<0.15). 

The  photoluminescence  spectra  from 
AlxGai.xN-GaN-AlxGai.xN  quantum  wells 
of  different  thicknesses  and  x  values  are 
shown  in  Fig.  2.  Note  that  the  emission  from 
the  quantum  wells  is  shifted  to  higher 
energies  characteristic  of  a  type  I 
heterojunction.  However  the  shifts  are  more 
than  the  calculated  quantum  effects  by  an 
amount  (40  meV  at  x=0.13)  that  is  linearly 
dependent  on  the  alloy  composition.  The 
added  shift  can  be  accounted  for  by 
including  strain  induced  bandgiqi  shifts  for 
the  hexagonally  symmetric  AlGaN-GaN 
crystal.  Also  note  that  the  thicknesses  and 
compositions  of  these  samjdes  are  below  the 
Matthews  and  Blakeslee  critical  thickness. 

During  the  1976-1981  time  frame 
researchers  tried  to  diffuse  a  number  of 
elements  into  GaN  (Mg.  Cd,  Zn,  Li,  Be,  Si,  Ge, 
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and  S)  to  obtain  p-type  doping  tmt  were 
successful  only  with  U.  Subs^ently  the 
post-growth  doping  of  GaN  focused  on  ion 
implantation.  Most  recently  we  have 
successfully  diffused  Za  into  efutaxiai  layers 
of  GaN  with  as  grown  n-type  carrier 
concentrations  of  approximately 


SxlO^^/cm^.  The  successful  diffusions  were 
measured  by  photoluminescence  and 
secondary  ion  mass  spectroscopy.  The 
photoluminescence  spectra  of  GaN  before 
diffusion  (a),  and  after  diffusion  for  various 
times  at  925**C  are  shown  in  Fig.  3.  The 
emission  peaks  are:  1-  near  band  edge 
transition,  2-  TO  idionon  replica  of  m^ 
peak.  3-  a  3775A  peak  attributed  to  a 
transition  from  the  conduction  band  to  a 
substitionai  zinc  level,  and  4-  a  42S0A  peak 
attributed  to  a  transition  from  the  conduction 
band  to  a  level  introduced  by  a  complex 
associated  with  substitimial  zinc  impurities. 
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Figure  3 

The  photoluminescence  spectra  of 
GaN  after  12  hour  Zn  diffusions  at  various 
temperatures  are  shown  in  Hg.  4  where  the 
same  peak  assignments  are  applicable.  The 
peak  at  377SA  Gabeled  3)  is  220  meV  below 
the  band  edge  which  corresponds  closely  to 
the  calculate  hydrogenic  acceptor  levd  in 
GaN.  At  higher  temperatures  or  longer 
diffusion  times  the  Zn  concentration  increases 
and  the  broad  peak,  labeled  4,  appears.  The 
SIMS  depth  profiles  for  diese  samples  are 
shown  in  Fig.  S.  The  Zn  concentration  is 
based  on  an  ion  implanted  GaN:Zn 
calibration  sample.  The  diffusion  q^pears  to 
be  an  interstitial-substitional  process  where 
the  interstitial  Zn  acts  as  a  donor  and  the 
substitionai  Zn  acts  as  an  acceptor.  The 
interstitial  diffusion  coefficient  and  activation 
energy  were  calculated  to  be  5.7x10^  cm^/s 
and  3.8  eV,  respectively.  The  presentation 
will  include  det^  of  the  diffusion  and  SIMS 


data  and  a  brief  discussion  of  the  movement 
of  hydrogen  in  the  film  during  diffusion. 


WAVELENGTH  (A)  ■ 


Figure  4 


Figure  5 

In  summary,  significant  progress  is 
being  made  to  meet  the  challenges  of 
understanding  and  controlling  the  AlGaN 
material  system  for  optoelectronic  devices. 

We  thank  APA  Optics  for  AlGaN 
samples  the  SDIO/IST  through  the  Army 
Research  Office  DAAL03-90-G-0018  for 
support. 
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Monolithically  Integrated  SQW  Laser  and 
HBT  Laser  Driver  Via  Selective 
OMVPE  Regrowth 

David  B.  Slater  Jr.,  Paul  M.  Enquist,  James  A.  Hutchby,  Frederick  E.  Reed,  Arthur  S.  Morris, 
Robert  M.  Kolbas,  Robert  J.  Trew,  Alexandre  S.  Lujan,  and  Jacobus  W.  Swart 


Mama — Aa  AlGaAs/GaAs  Npn  HBT  laser  driver  dituU 
aad  a  paeodomorpUc  InGaAs  /  GaAs  /  AIGaAa  graded  index 
SQW  laser  have  been  iateralljr  integrated  to  Maintain  saribce 
planarity  nsing  selective  OMVPE  regrowth  at  the  HBT.  The 
setf-aligned  HBFs  exhibit  a  dc  enrreat  gain  at  30  and  an  /, 
(/aMH )  of  45  (00)  GHi.  The  980  nm  lasers  exhibit  rooM  tempera- 
tore  threshold  enrrent  densities  as  hm  as  420  (320)  A/cm*  for 
CW  (pulsed)  operatian.  The  cavities  measuring  40  (7)  X  500 
pm^  aad  have  less  than  1  (2)  of  series  resistance.  SPICE 
simulathms  of  the  integrated  driver  indicate  operating  speeds 
over  10  Gb/s  are  possible. 


iNTRODUenON 

The  majority  of  optoelectronic  research  has  focused 
on  III-V  material  structures  for  discrete  devices  such 
as  deteaors,  lasers,  modulators,  high-speed  field  effect 
(FETs)  and  heterojunction  bipolar  transistors  (HBTs). 
This  research  has  moved  to  monolithic  integration  of  the 
various  devices  to  produce  optoelectronic  integrated  cir¬ 
cuits  (OEICs)  with  greater  fiinctionality  and  speed. 

The  simplest  method  of  monolithic  integration  is  to 
produce  the  photonic  device  structure  epitaxially  and  pro¬ 
duce  the  electronic  devices  (FETs)  by  implantation  [1]. 
Another  simple  aj^roach  is  to  fabricate  photonic  and 
electronic  devices  ^m  a  single  effitaxial  structure,  but 
this  prohibits  optimization  of  the  individual  structures.  A 
monolithic  9  Gb/s  photodiode-HBT  receiver  with  - 17  J 
dBm  sensitivity  has  been  demonstrated  using  the  HBT 
base-collector  for  the  detector  [2].  The  thin  HBT  collector 
limited  the  quantum  effidem^  of  the  detector  diode  to 
0.35  A/W  as  compared  to  a  more  optimum  value  of  0.8 
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A/W  resulting  in  a  3.6  dBm  loss  of  sensitivity.  An  alter¬ 
native  technique,  vertical  integration,  stadcs  the  epitaxial 
structures  by  way  of  a  single  growth  providing  greater 
flexibility  for  individual  device  optimization.  Unfortu¬ 
nately,  excess  surface  topography  can  result  which  further 
complicates  mesa  device  processing.  This  is  e^iedally  so 
given  that  photonic  devi^  structures  are  often  several 
microns  thi^  Demonstrations  employing  this  tedmique 
indude  a  10  Gb/s  p-i-n-HEMT  receiver  [3]  with  a  sensi¬ 
tivity  of  - 11.7  dBm,  a  S  Gb/s  p-i-n-HBT  receiver  with  a 
sensitivity  of  - 18.8  dBm  [4],  and  a  laser-HBT  transmitter 
which  was  operated  at  5  Gb/s  [S].  To  overcome  the  loss  in 
planarity  of  this  tedmique,  the  growth  has  been  done  on 
substrates  that  were  etdied  to  form  wells  in  which  the 
photonic  devices  were  then  recessed  [1],  [6).  The  final 
technique  is  selective  epitaty  vriiid)  involves  multiple 
growths  and  allows  severd  derices  to  be  integrated  later¬ 
ally  producing  a  planar  surftice.  This  is  accomplished  by 
growing  the  first  structure,  masking  the  areas  to  be  pre¬ 
served  with  silicon  nitride  or  oadde,  etching  the  surface  to 
a  depth  equal  to  the  thickness  of  the  next  structure  to  be 
regrown  and  subsequently  regrowing  that  structure. 
(Jrganometallic  vapor  frfiax  epitaity  (OMVPE)  is  well 
suited  for  this  since  it  can  be  controlled  so  that  no 
deposition  occurs  on  the  mask.  This  is  in  contrast  to 
molecular  beam  epitaity,  vriiere  polycrystalline  deposition 
occurs  on  the  ma^  and  must  subsequently  be  removed. 
This  tedmique  has  been  used  to  demonstrate  monolithic 
integration  of  Npn  and  Pnp  HBTs  for  various  q>plica- 
tions  [7],  [8].  In  this  paper  we  report  the  first  monolithic 
integration  selective  OMVPE  regrowth  of  a  high  qual¬ 
ity  pseudomorphic  InGaAs  SQW  laser  and  high  ^eed 
self-aligned  AlGaAs/GaAs  HBTs  in  a  laser  driver  circuit 

Material  Growth  AND  Device  Fabricatkw  . 

A  cross  secticmal  view  of  the  HBT  and  laser  device 
structures  are  given  in  Fig.  1.  The  laser  structure  was 
grown  first  vriiidi  from  bottom  to  top  consisted  of  a  1  fim 
GaAs  catluxte  contact  layer  (n  -  2  x  10**  cm~*),  SO  run 
Al,Ga,_,As  grading  (x  -  O-OJJ,  n  -  1  x  10“  cm”*),  1 
^m  AlgjGaojAs  cladding  (n  -  1  X  10“  cm”*),  0.25  urn 
AljGai.jAs  graded  index  region  (x  -  03-0)  which  was 
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Fig.  1.  Croat  aectwaal  view  of  integrated  HBT  and  later  prior  to 
polyimide  planariiation  and  interconnea  metallitation. 


not  intentionally  doped  (NID),  single  10  nm  In.nGajjAs 
Strained  quantum  well  (NID),  0.25  /im  Al^Ga,_,As 
graded  index  region  (x  »  0-03,  NID),  1  /tm  Ala.3Gao  ^As 
cladding  (p  -  1  x  10’*  cm"’),  50  nm  Al^Gaj.^As  grad¬ 
ing  (x  -  03-0,  p  -  1  X  10“  cm"’)  and  a  50  nm  GaAs 
anode  contact  layer  (p  —  6  x  10“  cm"’).  The  second 
growth  consisted  of  a  2  pm  NID  buffer  (/i  <  10“)  and 
the  HBT  structure.  The  HBT  structure  consisted  of  a  0.6 
pm  thick  GaAs  subcollector  (n  -  2  x  10“  cm"’),  0.6 
pm  GaAs  collector  (n  >  2  x  10“  cm"’),  90  nm  GaAs 
base  (p  -  3  X  10“  cm"’),  40  nm  AljGa^As  emitter 
(rt  “  5  X  10“  cm"’),  30  nm  Alj,Gaj_j,As  grading  (x  — 
0.3-0,  ft  -  1  X  10“  cm"’)  and  a  0.25  pm  GaAs  emitter 
contact  layer  (n  »  2  x  10“  cm"’). 

Standard  optical  contact  lithography  and  liftoff  metal¬ 
lizations  were  used.  The  lasers  were  located  150  pm  from 
the  HBTs.  N-type  (p-type)  oomics  were  formed  ^  evapo¬ 
rating  AuGe/Ni/Au  (Ti/Pt/Au).  The  HBT  self-aligned 
base  and  laser  anode  contacts  were  formed  simultane¬ 
ously,  as  were  the  HBT  collector  and  laser  cathode  con¬ 
tacts.  Ti/Au  interconnects  were  deposited  over  a  pla¬ 
narizing  polymide  layer.  The  wafer  was  thiimed,  and  the 
die  were  cleaved  to  form  a  500  pm  Fabiy-Perot  cavity. 

HBT  AND  Laser  Performance 

Discrete  Npn  HBTs  located  adjacent  to  the  laser-driver 
circuits  were  tested  to  determine  their  dc  and  microwave 
characteristics.  Their  performance  was  comparable  to  Npn 
HBTs  fabricated  on  SI  substrates  using  the  same  epitai^ 
structure  used  in  developing  SPICE  models.  The  HBT 
geometry  used  throughout  the  circuit  has  two  emitters 
(2.6  X  5  pm’),  a  single  self-aligned  base  contact  and  a 
base  mesa  area  of  68  pm’.  The  value  of  /,  (/„„)  for  this 
geometry  was  45  (60)  GHz.  at  a  collector-emitter  bias  of  2 
Volts  and  an  emitter  current  density  of  4  x  10^  A/on’ 
(11  mA).  A  typical  Gummel  Plot  is  shown  in  Fig.  2.  A 
typical  value  of  dc  current  gain  was  30  at  an  emitter 
current  density  over  1  x  10*  A/cm’.  The  base  (collector) 
current  ideality  factor  is  13  (1.0)  above  imity  gain  indicat¬ 
ing  the  recombination  component  of  the  base  current  is 
low. 

High  quality  pseudomorphic  InGaAs/GaAs/AlGaAs 
graded  index  single  quantum  well  (PGRINSQW)  lasers 


.2®iv  (V) 

F4.  Z  Gummel  piM  (rf  •  two  emitter  (Z6  x  S  and  one  base 
contact  HBT. 


were  fabricated  with  7  and  40  pm  wide  active  areas. 
Room  temperature  CW  operation  of  the  40  pm  wide 
laser  exhibited  single  mode  emisskm  at  a  threshold  cur¬ 
rent  density,  of  420  A/cm’  and  a  7,^  -  320  A/cm’ 
when  pulsed  The  room  temperature  CW  emission  ^rectra 
of  a  7  pm  wide  laser  is  shown  in  Fig.  3.  The  measurement 
was  obtained  by  probing  the  laser  directly  thus  bypassing 
the  drcuitiy.  The  emission  is  nearly  single  mode  (9733  A) 
at  1  mA  above  threshold  (27  mA).  The  CW  optical  output 
power  (relative)  versus  input  current  is  shown  in  the  insert 
of  Fig.  3  for  the  same  device.  The  average  threshold 
current  for  the  devices  tested  was  27  mA  with  the  lowest 
at  253  mA.  In  pulsed  mode  the  threshold  current  dropped 
as  low  as  22  mA.  The  series  resistence  of  the  7  pm 
integrated  diodes  was  very  low  (1-2  H). 

CiRCurT  Performance 

A  schematic  of  the  circuit  containing  26  transistors  and 
a  photomicrograph  are  given  in  Fig.  4(a)  and  (b),  respec¬ 
tively.  Due  to  the  low  series  resistance  of  the  laser,  the 
circuit  is  capable  of  operating  with  a  of  -5.2  V.  The 
circuit  is  immime  to  stray  inductances  in  either  the  ground 
or  -J'ee  leads  as  a  result  of  layout  and  topology.  The 
biasing  is  performed  by  current  sources  throughout,  and 
the  coimections  to  ground  for  the  circuit  and  the  anode  of 
the  laser  come  from  a  common  pad  on  the  die,  and  thus 
eliminate  dynamic  currents  in  the  supply  leads.  The  anode 
is  connected  to  this  common  pad  ^  a  crossover  in  the 
center  of  the  laser  as  shown  in  the  micrograph.  Separate 
ground  coimections  for  the  circuit  and  the  laser  anode 
(i.e.,  [6D  reduce  the  high  frequency  advantages  of  the 
differential  (current  steering)  tcqrology.  The  current  source 
biasing  provides  a  wide  common  mode  range  for  the 
input  The  current  mirror  sets  the  dc  operating  point 
of  the  laser,  and  the  mirror  sets  the  modulation 
current  up  to  40  mA  each. 

Circuits  were  functionally  tested  with  a  dc  laser  current 
of  25  mA  via  (threshold  for  a  7  pm  wide  stripe)  and 
with  a  modulation  current  of  25  mA.  A  10  MHz  sinewave 
was  applied  to  the  input  and  the  optical  output  was 
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Fig.  3.  Spectral  plot  o(  relative  cmissioa  intensity  venuswimlength  for 
integrated  laser  diode  and  (insert)  relative  output  power  versus  current. 


detected  using  a  Si  photodiode/transimpedance  amplifier 
and  an  oscilloscope.  Performance  tests  at  high  frequencies 
are  limited  by  the  S  MHz  bandwidth  of  the  detector. 

Using  extracted  parameters  for  the  HBT  and  laser, 
SPICE  simulations  were  performed  to  estimate  the 
rise/fall  (10-90%)  times  of  the  voltage  drop  across  the 
laser  which  was  modeled  as  a  simple  diode  with  a  series 
resistance  of  1.5  Cl  and  a  zero  bias  junction  capacitance  of 
4  pF.  The  simulated  times  for  modulation  currents  of  10 
or  30  mA  and  dc  laser  bias  currents  of  10  to  40  mA  are 
given  in  Fig.  5.  Small  signal  simulations  in  this  same  range 
of  operation  indicate  a  minimum  bandwidth  >  11  GHz. 
These  simulations  indicate  the  circuit  has  potential  for 
operation  above  10  Gb/s.  Key  factors  in  obtaining  this 
are  the  low  series  diode  resistance  (low  voltage  gain)  and 
the  small  base-collector  capacitance  of  the  driver,  Q4, 
These  factors  reduce  the  impact  of  Miller  multiplication 
without  sacrificing  the  current  sinking  capacity  of  the 
driver,  hence  the  use  of  HBTs  with  two  emitters  and  a 
single  base  contact  . 

Note  that  the  above  performance  was  obtained  without 
considering  the  relaxation  oscillation  frequency  (/,.)  limit 
which  is  estimated  to  be  less  than  6  GHz  [9]  for  these 
lasers.  Consequently,  the  speed  of  the  laser  would  limit 
the  large  signd  performance  of  the  integrated  HBT/laser 
transmitter.  This  integration  technique  could  be  used  to 


ISO  pm 
(b) 

Rg.  4.  (a)  Schematic  of  integrated  laxr  driver,  (b)  SEM  pbotomkro' 
graph  of  the  die  with  laaer  (left)  and  HBT  driver  (right)  measuring 
SOO  X  8S0  tim*. 


DC  Laser  Current  (mA) 

TH-  S.  Plot  of  riK,  bll  and  total  delay  times  for  10  (30)  mA  of 
modulalkm  current  versus  dc  bias  current  given  by  the  solid  (dashed) 
lines. 


combine  HBT  drivers  with  low  resistance  surface  emitting 
lasers  that  exhibit  high  /„  and  thus  are  capable  of  10 
Gb/s  operation  [10].  Furthermore,  this  technique  can 
then  be  used  to  realize  compact  2-D  arrays  for  aggregate 
data  transmission  rates  on  the  order  of  a  Tb/s. 
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SlAlMARY 

MoDoUthk  integration  of  a  InGaAs/GaAs/AlGaAs 
PGRINSQW  and  an  AlGaAs/GaAs  HOT  driver  circuit 
has  been  denxMistrated  using  selective  OMVPE  regrowth. 
The  laser  exhibited  a  low  -  420  (320)  A/cm^  at  room 
temperature  in  CW  (pulsed)  mode.  This  method  of  inte¬ 
grating  dissimilar  devices  has  the  distinct  advantage  of 
allowing  several  epitaxial  structures  to  be  optimized  indi¬ 
vidually  while  maintaining  a  relatively  planar  surface. 
Based  on  circuit  simulations,  the  driver  circuit  is  capable 
of  (grating  at  ^eds  above  10  Gb/s.  This  excellent 
performance  is  attributed  to  the  low  series  resistance  (1-2 
fl)  of  the  laser,  and  /,  and  of  the  HBTs  and  low 
parasitic  base-collector  capacitance.  The  integration  of  26 
high  speed  HOTs  in  close  proximity  to  the  low  threshold 
laser  diode  via  selective  OMVPE  represents  a  substantial 
improvement  in  integration  density  and  potential  bit  rate 
for  monolithic  OEICs. 
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